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Abstract
Optical concentration has the potential to lower the cost of solar energy
conversion by reducing photovoltaic cell area and increasing photovoltaic efficiency.
Luminescent solar concentrators (LSCs) offer an attractive approach to combined spectral
and spatial concentration of both specular and diffuse light without expensive solar tracking,
but they have been plagued by luminophore self-absorption losses which limit them from
achieving their full potential. This thesis introduces doped semiconductor nanocrystals as a
new class of phosphors for use in LSCs. In proof-of-concept experiments, visibly transparent,
ultraviolet-selective luminescent solar concentrators have been prepared using colloidal
Mn2+-doped II-VI semiconductor nanocrystals that show no luminescence reabsorption. For
the first time LSCs are not bounded by luminophore self-absorption but by the transparency
of the waveguide itself. Future directions in the use of colloidal doped nanocrystals as robust,
solution processable, spectrum-shifting phosphors for luminescent solar concentration on
the large scales required for practical application of this technology are discussed.
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Chapter 1: Introduction

1.1 World Energy Use
World power consumption has been projected to increase in the upcoming decades
from the current rate of ~17.5 terra-watts (TW), in 2010, to ~27.4 TW, in the year 2040 (Fig.
1.1).1 Most of this increase in demand comes from rising global population and the
industrialization of underdeveloped nations, whose primary energy concern is limiting cost.
More than 80% of global energy consumption is generated from non-renewable fossil fuels
such as petroleum, natural gas, and coal.2 While fossil fuels currently represent the most
economically viable energy source they are not without other costs and concerns.3, 4

Previous

Projected

Figure 1.1, Past and Projected World Energy Consumption in TW.1
One byproduct of fossil fuels is the production of CO2; a greenhouse gas that has been
linked to an increase in the average global temperature and climate change.5 Current
atmospheric CO2 levels are outside of the geological norm6 as shown in Figure 1.2,7 and give
cause for worry about what the effects will be on the world’s ecosystems and even the future
of mankind. Even now, species are becoming extinct,8 oceans are acidifying,9 ocean levels are

rising,10 and the frequency of more energetic storms and extraordinary weather events are
increasing.11

Figure 1.2, Geological history of atmospheric CO2 concentrations (ppm) and
mean global temperature. Reproduced with permission from author.7

Furthermore, there are considerable geopolitical concerns associated with our
dependence on fossil fuels. Consider the United States. While it is a major producer of oil,
coal, and natural gas, a large share of our petroleum is sourced from other countries. The
dependence on fossil fuels requires the US to maintain relationships with foreign powers,
which may not be in its best interest, in order to secure fuel sources.
For these reasons it has become apparent that the use of fossil fuels as our primary
source of energy needs to be addressed. A renewable energy source that can economically
and reliably provide the amount of energy currently supplied by fossil fuels would allow the
world to unburden itself from the problems that arise with the use of fossil fuels. Even though
there are currently many potential renewable energy options available, no single option yet
has the capacity to even approach the amount of energy produced by fossil fuels. 12

1.2 Renewable Energy Options
1.2.1 Hydroelectric
Harnessing the energy of moving water is one of the oldest and most reliable forms
of renewable energy. Today, hydroelectric dams produce about 6% of the world’s power and
make up the majority of the renewable energy market share, however hydroelectric energy
is limited by the number of suitable sites. Future projections have indicated that hydroelectric
2

power will only be able to produce ~1TW because most of the sites for hydroelectric
implementation that could provide sufficient power to justify the investment have already
been developed.13 The environmental impacts of utilizing hydroelectric power can also be
quite severe due to the reservoirs created behind the dams that displace residents and
disrupt ecosystems.14

1.2.2 Wind Power
Using wind to generate electricity offers a relatively simple alternative to fossil fuels.
Wind farms are able to generate electricity with little impact on the surrounding environment
and wind resources are geographically widely dispersed. Currently wind power provides less
than 1% of our total energy consumption though it has been estimated that if wind farms
were installed across the globe more than 1500 TW of electrical power could be produced.15
Though wind power holds a large quantity of untapped potential it would be nearly
impossible to harvest all this energy as the variability and unpredictability of wind intensity
and direction are unavoidable hindrances.

1.2.3 Nuclear Energy
While not entirely renewable, nuclear energy offers a source of energy that does not
involve the emission of CO2. Currently nuclear reactors are able to provide more than 6% of
the world’s electricity and are less limited by resource availability than some alternative
renewable energy options.1 Despite being able to provide a reliable source of energy, serious
public concerns about health and safety have limited the use of nuclear energy to a small
fraction of the renewable energy market.16 Furthermore, the infrastructure requirements to
produce the number of power plants needed to address rising power consumption are
substantially greater than what is currently possible.16

1.2.4 Geothermal Energy
Geothermal energy utilizes heat from below the earth’s surface to warm buildings and
drive steam turbines to produce electricity. Water can continuously be pumped through pipes
that run through hot spots in the Earth’s crust to provide energy both day and night without
any emissions. While very environmentally friendly and simple, geothermal energy may only
be utilized in certain areas of the globe near geothermal hotspots; producing less than half of
3

1 TW per year.13 As a result of this limitation, geothermal energy is not well suited as a large
scale global renewable energy option.

1.2.5 Biomass and Biofuel Energy
Biomass and biofuel energy offer effective ways of producing energy via large scale
crop cultivation or through the use of microorganisms. Biofuels such as ethanol, biodiesel,
and methane can be produced from various crops like corn and sugarcane or from pasture
land and then combusted to generate electricity. While this method does not eliminate CO2
emission from energy production, it is a carbon neutral cycle where the CO 2 released from
combustion is collected by the same crops used to make the fuel. Currently biofuels do not
provide a significant source of energy, though they are projected to be able to replace
petroleum as a liquid fuel source provided there is sufficient investment in the technology. 17
Generating an impactful amount of biofuel, however, would require a significant amount of
land which would result in reduced biodiversity, deforestation of natural habitats, and would
compete with land used for food production.13

1.2.6 Solar Energy
The sun continually provides the earth with more than our annual energy
consumption each hour in the form of light.18 Capturing even a small fraction of this energy
could satisfy for the energy demands of the future. However, despite its large potential there
are reasons why solar energy has not taken on a larger role in the renewable energy market.
Solar energy is only be available during the daytime. With no suitable means for storing this
energy when the sun is not shining, solar energy is limited to the daylight hours.
Additionally, fossil fuels and even other readily available renewable energy options
are substantially less expensive than the cost of solar energy. The price of power generated
by coal and natural gas is anywhere between 5-10 cents per kWh, and wind is between 4-10
cents per kWh as well. Over the working lifetime of a typical PV cell - roughly 25 to 30 years the cost of power generated is currently above 20 cents per kWh, more than double the cost
of other available options.19,20 While solar power is promising, it has yet to prove competitive
in the energy marketplace. If solar energy can be made less expensive than current fossil fuel

4

options which are available for less than $0.50 per kilowatt-hour, then it has the potential to
replace fossil fuels as our primary energy producer.

1.3 Photovoltaics
The photoelectric effect can be utilized by a semiconductor to convert light into
electricity. Incident photons that possess enough energy may excite an electron-hole pair
within a junction between two regions of a semiconductor: a p-type and n-type, referred to
as a p-n junction, shown below in Figure 1.3.21 This excited electron-hole pair will separate to
produce an electric current.

Figure 1.3, An incident photon creates an electron-hole pair that is separated by the
junction’s electric potential, generating a current. Reproduced with permission from
author.21

Over the past thirty-five years several photovoltaic (PV) technologies have been
developed that represent a variety of different materials and design schemes, which are
expressed in terms of percent efficiency in Figure 1.4.22 Of these different PV designs three
materials stand out: silicon solar cells (both monocrystalline and polycrystalline), cadmium
telluride thin film solar cells, and multi-junction solar cells. Silicon is the most common PV
material because is one of the most widely available and inexpensive PV materials and has
5

been investigated for the last 40 years for solar energy conversion.23 Thin film Cadmium
Telluride solar cells have more recently been investigated because they can be mass
produced on a roll, though at the cost of a small decrease in energy conversion efficiency.24
Multi-junction solar cells contain multiple p-n junctions stacked atop one another to absorb
more of the solar spectrum and therefore offer the highest efficiency of existing PV
technology.25 However multi-junction solar cells are significantly more expensive than other
solar cell because they are difficult to manufacture.

Figure 1.4, Best PV research cell efficiencies reproduced with permission
from author.22

1.4 Solar Concentration Methods
A variety of techniques have been proposed to concentrate the power of the sun in
an effort to address the high cost of solar energy. Solar concentration allows for a reduction
in the cost of solar energy by reducing the area of relatively expensive PVs, or removing them
altogether, while increasing the relative power per unit area of solar irradiation. These

6

concentrator schemes have primarily used reflection and refraction to increase the solar flux
onto a smaller area where the energy may be more efficiently collected. Of the concentrator
schemes that have been introduced there are two main groups: solar thermal power
concentrators and concentrators that utilize PV cells. Solar thermal concentrators utilize
mirrors or lenses to focus sunlight onto a small area in order to heat it. A working fluid may
be used to transfer this heat to drive a steam engine or other process to produce electricity.
One advantage of this kind of concentration is that heat may be temporarily stored to provide
energy for use at night.26 PV concentrators, on the other hand, attempt to use mirrors, optics,
or lenses to focus light onto small PV cells which convert the light into electricity. The primary
objective of PV concentrators is to use a system that allows use of PV material in a more
economical way so that the overall cost in dollars per watt ($/W) is reduced from about
$2.70/W for typical Silicon PVs to under the current price of fossil fuels of $0.50/W .
A key metric that helps to define the efficacy of various concentrator designs is the
concentration ratio (CR), defined as the ratio between the energy per unit area of incident
sunlight to the energy per unit area of concentrated light. As the CR of a concentrator
increases the price per watt of electric power generated decreases because the concentrator
is providing more power per unit area. While the cost of different concentrator systems
typically scales directly with the CR; CRs for various concentrator schemes can vary from 1 to
1x106.

1.4.1 Parabolic Troughs
Parabolic troughs are a type of solar thermal concentrator consisting of a long
parabolic shaped mirror that reflects and focuses sunlight onto a central tube carrying a
working fluid at the focal point of the parabola. Utilizing solar tracking the parabolic trough
can create a CR, of 100x, and an energy conversion efficiency of about 25% in optimum
conditions.27 The working fluid circulates to a central heat exchanger where water is turned
into steam to generate electricity in a steam turbine.

7

1.4.2 Solar Power Tower
The solar power tower is an alternative type of solar thermal concentrator that
collects light over a large area by reflecting sunlight off thousands of solar tracking mirrors
onto a central tower where a heat exchanger generates steam for power generation or
storage. While achieving CRs greater than 1500,22 solar power towers require a major
investment in both land and materials, a factor which has limited their development.

1.4.3 Fresnel Lenses
Fresnel lenses are a type of PV concentrator that are similar to traditional convex
optical lens but are engineered to be flat so that much less material is required. Fresnel lenses
offer high optical efficiency, CRs of around 250x,28 and relatively low materials costs, though
they have been limited by their relatively small acceptance angles, which increases the
demand for accurate solar tracking.29

1.4.4 Parabolic Dish
Similar to the parabolic trough, the parabolic dish utilizes a reflective parabolic surface
to concentrate light onto a small area where a high efficiency PV is placed to produce
electricity. Due to the small size of the PV needed in the parabolic dish, highly efficient yet
highly expensive PV materials may be used to greatly increase efficiency. However, achieving
high solar concentration requires accurate angular tracking requiring expensive solar tracking
systems in order to properly function.22 Additionally, the form factor of the parabolic dish
causes it to take up a great deal of space making it rather unsuited for urban or residential
installations.

1.4.5 Solar Concentrator Summary
While each of these solar concentrators has been able to achieve large CRs they have
not been able to achieve widespread use, largely due to the limitations in both power
conversion and the availability of more economically viable energy options. In order for a
solar concentrator to be effective and widely used it will need to be able to coexist with
current building architectures, integrate with existing PV technologies, and reduce the overall
cost of solar energy.
8
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Chapter 2: Luminescent Solar Concentrators
2.1 Intro to Luminescent Solar Concentrators
Luminescent solar concentrators (LSCs) were first proposed in the 1970’s as a way to
reduce the costs of solar energy by replacing much of the area of relatively expensive solar
cells with a relatively inexpensive concentrator.1,2,3,4 LSCs consist of a waveguide, made of
either glass or plastic, which contains some kind of photoluminescent dye, or luminophore,
able to absorb sunlight and emit light within the waveguide as shown in Figure 2.1.5 Some
portion of the emitted light becomes trapped within the host matrix by a mechanism called
total internal reflection (TIR). This trapped light can then travel through the waveguide until
it reaches an edge where photovolataic (PV) cells are placed to convert the waveguided light
into electricity. 6

Figure 2.1, A luminescent solar concentrator (LSC). Sunlight (blue) is absorbed by
luminophores and emitted into a planar waveguide (red), which is concentrated
at the edge of the LSC for conversion by PV cells (green). Some emitted light
(orange) is lost via refraction in the escape cone (Discussed in section 2.5.1).
Reproduced with permission from author.5

By replacing a large area of relative expensive PV cells with an inexpensive medium
like glass or a polymer matrix, LSCs have the potential to provide a large reduction in the cost
of solar energy. Using a small area of PVs on the edge of waveguide, large concentration
11

factors may be achieved. A key factor related to the limiting CR is the geometric gain, G,
defined as the area of facial surface, Aface, to the total area of the edges of the concentrator,
Aedge:
𝐺=

𝐴𝑓𝑎𝑐𝑒
⁄𝐴
𝑒𝑑𝑔𝑒

(Equation 2.1)

LSC are typically able to generate larger CRs with larger values of geometric gain. Considering
the geometry of an LSC we can determine that as the facial area increases at a rate of x 2 the
total area of the edges increases at a rate of x. Assuming that there are no loss mechanisms
as the concentrator size increases the CR of the LSC can increase quadratically with increasing
G.
Current trends in the price of solar energy production have indicated that PV
technology continues to become less expensive. Since the proposal of LSCs in the 1970’s a
significant reduction in the price of solar energy has been achieved, though there is still room
for improvement as electricity generated from PV systems remain more expensive than fossil
fuel options. LSCs may also prove to be more economically viable to produce than current PV
systems, as they do not require large amounts of scarce and expensive elements such as
Cadmium (Cd) and Tellurium (Te), or energy intensive processing methods that go along with
the production of high efficiency Silicon PVs.7

2.2 LSC Design Advantages
The LSC’s ability to concentrate diffuse light is one of its primary advantages over
other solar concentrating systems. By not relying on focusing mirrors or lens, as traditional
solar concentrating schemes do, LSCs do not require direct sunlight to produce electricity.
Since LSCs do not require direct sunlight, they are able to avoid the additional costs of solar
tracking.8 LSCs also exhibit nearly omnidirectional acceptance of light which provides
comparable performance under diffuse and direct illumination, and, most importantly, have
the potential for higher energy CRs than other concentrator systems based on mirrors or
lenses.9 LSCs are particularly well suited for areas without much direct sunlight, like portions
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Europe and North America, where a significant fraction of the solar irradiance reaching the
Earth’s surface arrives as light scattered by cloud cover.
Due to their ability to deliver high irradiance, narrow bandwidth light by wavelength
shifting, LSCs are well suited for driving photovoltaics and semiconductor based
photochemical processes where the emitted wavelength in the LSC may be matched to the
bandgap of a specific PV in order to improve efficiency and mitigate thermal rejection.10,11
LSCs selectively absorb and concentrate light in a limited range, based upon the absorption
of the luminophore, while other wavelengths can be transmitted for use in other applications
such as interior lighting, heat generation, or PV conversion.

2.3 LSC Performance
Despite these advantages and over thirty years of development, LSCs have failed to
make a major impact in the solar power marketplace.12,13 This is largely due to the lack of
suitable luminophores which have limited the optical efficiency even at modest concentrator
sizes.14 To date, the largest CRs that have been achieved have been less than 10x,15,16,17,18,19
significantly below the theoretical thermodynamic CR limits of 10 4x – 105x and several times
smaller than the 102x – 103x that would needed to be considered competitive with current
PV technologies.20,21
Widespread variations in LSC materials, design, and testing methods used by different
researchers make it difficult to compare the results of one concentrator to another. One way
to compare concentrators is through the external quantum efficiency (EQE), defined as the
ratio between the number of photons from the sun (AM1.5G solar spectrum), Esun, to the
number of electrons produced by the PV cell, ELSC:
𝐸𝑄𝐸 =

𝐸𝐿𝑆𝐶
⁄𝐸
𝑠𝑢𝑛

(Equation 2.2)

The greatest EQE achieved in the literature so far is a concentrator with EQE = 7.1%
developed by Sloof et al. in 2008 who utilized organic dyes dispersed within a polymethyl
methacrylate (PMMA) matrix connected to GaAs solar cells with G = 2.5.22 With such a small
geometric gain and expensive GaAs PVs, this LSC is not a practical solution for solar energy.
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Other LSC have been made larger and with more readily available Silicon PV cells but those
designs have not been able to reach efficiencies larger than 3.3%. A new LSC design, based
on large Stokes shift dyes by Baldo et al in 2008, provided results suggesting that efficiencies
of up to 14.5% at G = 3 could be attained, though this figure is based on a projection from
measurements on smaller scale devices.6

2.4 LSC Materials
LSCs can be fabricated using a variety of materials for both the waveguide and the
luminophore. Generally speaking, the waveguide and luminophore must be tailored to each
other to ensure optimum performance and high CRs, however only certain materials are
suitable for an LSC applications.

2.4.1 Waveguide Materials
Waveguide materials for LSC application must meet a variety of criteria. High optical
clarity is extremely important due to the very long pathlengths involved, which can be a meter
or more in large concentrators. Ideally, the waveguide material must be inexpensive, at least
an order of magnitude less expensive per unit area than the PV it is intended to replace.
Additionally, the waveguide needs to have a large index of refraction in order to limit losses
due to refraction out of the LSC (Discussed in Section 2.5.1). Current PV modules are designed
to last outdoors for roughly 30 years. If an LSC were to replace current PV modules then the
waveguide material should also possess comparable environmental durability and stability.9
Several materials have been proposed that meet some of these criteria, including a
variety of glass substrates and polymers. While several types of glass possess high
transparency and large refractive indices, they all suffer from issues relating to fabrication
and high costs. Glasses require high processing temperatures, so not only is the process
energy intensive but also most luminophores degrade at these temperatures. For these
reasons polymers are viewed as a potentially attractive alternative to inorganic glasses.
Polycarbonates, polyacrylates, polyvinyl alcohols and various other polymers have been used
as waveguides in LSC research over the past decade. Of these, PMMA has been used most
commonly.12
14

2.4.2 LSC Luminophores
Just as there are ideal characteristics of the waveguide material there are also
features of the luminophore that are of vital importance to the performance of the LSC. An
ideal luminophore should exhibit strong solar absorption, near unity quantum yield (QY), a
large Stokes shift, be highly photostable, and inexpensive. Additionally, if LSCs are to be
deployed on a large scale the luminophore and other components should be earth abundant,
non-toxic, and preferably solution processable.12 A wide variety of luminophore that have
been studied meet these requirements The following sections summarize the major classes
of luminophores investigated for LSC applications.

2.4.2.1 Quantum Dots
Quantum dots (QDs) are nanostructures of semiconducting materials with dimensions
between 1-100 nanometers. Because of their restricted size QDs exhibit optical and electrical
properties similar to those of discrete atoms. QDs are of particular interest for LSC
luminophores because their absorption and emission may be tuned by altering the size,
shape, or composition of the QD. Some quantum dots are capable of absorbing the entire
visible spectrum,23 while others have been shown to possess relatively large Stokes shifts,24,25
and their crystalline composition allow QDs to be highly photostable.26 Numerous varieties
of QDs have been investigated by several groups as luminophores for LSCs.27,28,29,30 to
engineer collection and concentration of certain wavelengths. However, QDs have been
shown to be quite sensitive to oxygen and light,31,32,33 which poses challenges to LSC design.
QDs have also had issues upon incorporation into a host matrix, some losing 22.5-96% of the
emission intensity following incorporation into a polymer matrix.34 Historically, the potential
of QDs for use as LSC luminophores has been primarily limited by low QYs,35 small Stokes
shifts,36,37 and in some cases toxicity issues.38,39

2.4.2.2 Organic Dyes
Organic dyes are π-conjugated organic molecules, which typically consist of a planar
core with all the atoms of the conjugated chain lying in a plane and linked by σ-bonds. The πelectrons form a cloud above and below this plane of conjugation. Absorption by these
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molecules is usually associated with the promotion of one of the π-electrons from a ground
electronic state to a higher energy excited state.40 Since the beginning of LSC research organic
dyes have been the most investigated type of luminophore largely due to their solubility, 12
near unity QY, 41 and large absorption coefficients. 42 These dyes that have been investigated
belong to a long list of molecule classes, including but not limited to coumarins,43,44
lactones,45 perylenes,43,46 porphyrins,15, 47 and rhodamines.43, 48 Of these classes of organic
dyes, coumarins, rhodamines, and perylene derivatives have been used the most commonly.
While rhodamines prove high QY and large molar extinction coefficients they also show small
Stokes shifts and possess poor stability.48 Though coumarins have shown greater
photostability and larger Stokes shifts than rhodamine dyes they are still reported to have
less stability than perylene derivatives.49 Perylenes derivatives are known for their near unity
QYs and for their good photostability when electrophilic substitutions are made to the core
perylene molecule,50 though these electrophilic substitutions moderately reduce the
solubility of these organic dyes.50 However organic dyes are limited in the spectral breadth of
their absorptions,15 low photostability,48 and small Stokes shift51,52,53 though efforts have
been made to address these problems using more photostable dyes,28 dye alignment, 54 and
dyes with larger Stokes shifts.55

2.4.2.3 Rare Earth Ions
Rare earth ions, which are sometimes complexed with organic ligands, have been
investigated as luminophores primarily due to their high photostability, large Stokes shift, and
sharp emission lines; although the presence of organic ligands may hinder the effective
lifetime of these types of luminophores. The use of neodymium and ytterbium doped glasses
has allowed for LSC emission to occur in the near-IR, very close to the bandgap of silicon.56
While this emission close to the bandgap of silicon may be useful to LSCs, rare earth ions are
limited by small QYs57 and low molar absorption coefficients.58 To address these issues, rare
earth ions are often complexed with organic ligands that are able to extend the absorption
range and increase the QY of the rare earth ion using donor-acceptor energy transfer
between the ligand and the central rare earth ion.59,60 However these complexed rare earth
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ions have been plagued by deactivation from surrounding vibrational states of O-H, N-H, and
C-H bonds found in the ligands or host material.59

2.5 Light within the LSC
To better understand the mechanisms that define the ideal qualities of the
luminophore and waveguide we must first consider how light travels through the LSC. When
solar photons incident on the LSC first interact with the waveguide some fraction of that light
is lost via a reflection, usually about 4%, while the remainder penetrates into the waveguide.
Inside, a portion is lost due to either an energy mismatch between the light and the
absorption band of the luminophore or because the luminophore concentration is not large
enough to absorb all photons. A portion of absorbed light may then be emitted within the
waveguide dictated by the QY of the luminophore, defined as the fraction of absorbed
photons that are emitted by the luminophore:
𝑄𝑌 =

# 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
# 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

(Equation 2.3)

Emitted photons then have a probability of being emitted at an angle that can be
reflected within the waveguided, which is defined by the escape cone of the waveguide. Once
within a guided mode, the emitted photon will travel to an edge of the LSC unless it is either
re-absorbed by another luminophore or lost via one of three other loss mechanisms: matrix
absorption, surface roughness scattering, or particle scattering. At the edge of the LSC, some
photons may also by reflected at the interface between the LSC and the PV. Remaining
photons that escape the LSC through the edges are converted in electric current by the PV
limited only by its responsivity at various photon frequencies and its EQE.
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2.5.1 Refraction

Figure 2.2, Diagram of Snell’s law. The luminophore (yellow) emits light (solid
black lines) at various angles θ1 within the waveguide (blue). At the interface a
portion of light may be refracted (dashed black lines) at an angle θ2.

Snell’s law describes the way that light traveling at the interface between two
materials can reflect and refract given the refractive indices of the two materials:
sin(𝜃1 ) 𝑛2
=
sin(𝜃2 ) 𝑛1

(Equation 2.4)

where a photon traveling through a material with refractive index, n1 reaches an interface
with a material with refractive index, n2 at an angle θ1 from normal. This photon may then
enter the second material and travel within it with an angle θ2 from normal in a process called
refraction. This photon also has the opportunity to reflect at the interface and continue to
travel within the first material. As the angle of incidence increases, the probability that a
reflection will occur also increases. At a given angle, the probability that a reflection will occur
is 100%; this is the critical angle, θc, defined using Snell’s law:
𝜃𝑐 = sin−1 (
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𝑛2
)
𝑛1

(Equation 2.5)

All angles larger than the critical angle are also 100% reflected so that there exists a range of
angles which can be reflected completely. Once reflected, the angle of the photon is
maintained so it will continue to travel through the material until it reaches another interface
in a process known as total internal reflection (TIR).

Figure 2.3, Matrix escape cone of luminophore (blue oval) emission (red lines).
Photons emitted at angles within the waveguide escape cone (solid) are lost out
the top or bottom face of the waveguide. The remaining light outside the escape
cone (dotted) travels through the waveguide. Reproduced with permission from
author.61

The critical angle also defines an escape cone for photon emitted within the
waveguide as shown in Figure 2.3.61 If the critical angle is rotated 360˚ about an axis normal
to a face of the LSC a cone is defined:
𝜑𝑐𝑜𝑛𝑒 = 2𝜋(1 − cos(𝜃𝑐 )

(Equation 2.6)

Typically a luminophore within an LSC will emit photons uniformly in all direction, or
isotropically, so the fraction (F) of photons emitted within either the top or bottom escape
cone is defined by the solid angle of the of the unit sphere that the escape cone occupies:
𝐹=

𝜑𝑐𝑜𝑛𝑒
= 1 − cos(𝜃𝑐 )
4𝜋

(Equation 2.7)

Any photon emitted within this cone will not travel to an edge to be collected, but will instead
be lost out the top or bottom of the LSC. In some cases a portion of photons may reflect even
if they are within the escape cone, these reflections are defined by the Fresnel relations.
However, such photons will not undergo many reflections because they too refract out of the
waveguide.

19

Substituting for the critical angle, we are able to determine the fraction of photons
that escape from a waveguide with a refractive index n1 cladded by air (n2=1):

𝐹 = 1 − √1 −

1
𝑛12

(Equation 2.8)

Using a waveguide with a refractive index of 1.5, close to that of PMMA and other acrylates,
the portion of emitted photons that are lost through the escape cone is roughly 25%. The
remaining 75% of emitted photon are then able to travel through the waveguide via TIR to
be collected at the edges by a PV.

2.5.2 Matrix Losses
An emitted photon that is not lost through an escape cone can still become lost via
some other loss mechanism in the waveguide. Photons may be scattered either by a
luminophore particle or matrix defect in a process known as particle scattering. Photons may
also be scattered by an uneven waveguide surface, known as surface scattering. Even though
waveguides exhibit high optical transparencies a photon can also be absorbed by the
waveguide itself due to the long LSC pathlengths. While these losses have been assumed to
be negligible in previous work with small LSCs, they become very apparent in larger devices
and their cumulative effects must be addressed when considering different waveguide and
luminophore materials.

2.5.2.1 Particle Scattering
Particles near or above the nanometer length scale of the wavelength of light are able
to scatter light that interacts with them. This scattering, known Rayleigh scattering, is
dependent upon both the size of the particles and the wavelength of light as shown in
Equation 2.09.
2

2𝜋 5 𝑑6 𝑛2 − 1
𝛼𝑝 = 𝑁
(
)
3 𝜆4 𝑛2 + 2

(Equation 2.9)

Where 𝛼𝑝 is the attenuation coefficient due to particle scattering, 𝑁 is the number of particles
per unit volume, 𝑑 is the diameter of the particle, 𝜆 is the wavelength of light, and 𝑛 is the
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refractive index of the particle. Since the angle of light changes once scattered, photons are
often subsequently lost out of an escape cone. The waveguide material can sometimes
contain particles that may scatter light, such as crystallinities, unreacted starting material,
voids, solvent, reaction byproducts, dust, and reagent impurities. LSCs based on molecular
compounds like organic and inorganic dyes usually are not affected by luminophore particle
scattering as these dyes are much smaller than wavelength of light. However, LSCs utilizing
larger luminophore materials such as quantum dots or dyes that are prone to aggregation
often exhibit much larger losses from luminophore particle scattering.

2.5.2.2 Surface Scattering
Surface scattering arises from surface roughness of the waveguide. While a material
like glass may appear to the eye to be perfectly flat, in fact it exhibits microscopic features
that can reflect and refract photons out of the waveguide at each interface. Scattering due to
surface roughness can be approximated by the following expression developed by Tien62:
𝑐𝑜𝑠 3 (𝜃𝑚 )
1
∗
2 sin(𝜃𝑚 ) (𝑡𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 )

(Equation 2.10)

4𝜋
2
(2𝜎𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒
)1/2
𝜆

(Equation 2.11)

𝛼𝑠 = 𝐴2 ∗

𝐴=

)
where αs is the attenuation coefficient for losses due to surface scattering, θm is the angle
between the incident photon and normal to the surface, σwaveguide is the mean surface
roughness of the waveguide, and twaveguide is the thickness of the waveguide. Surface
scattering is largely dependent on the surface roughness of the waveguide, wavelength of
the photon, and thickness of the waveguide. Surface roughness is typically the dominating
matrix loss mechanism in thin waveguides due to the large number of reflections required to
reach an edge.

2.5.2.3 Matrix Absorption
While LSC waveguides often possess very small absorptivity across visible wavelength,
many exhibit small amounts of light absorption that can, over large pathlengths, result in
significant losses. Ideally a waveguide only needs to be transparent over the wavelength
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ranges that the luminophore absorbs and emits light. Typically, matrix absorption only
accounts for a small portion of the waveguide losses.

2.6 Luminophore Photophysics
2.6.1 Absorption
The Beer-Lambert law governs the way that light is absorbed by a collection of
molecules:
𝐼
𝐴 = − log ( ) = 𝜀𝑙𝐶
𝐼0

(Equation 2.12)

Where I0 is the wavelength dependent intensity of an incident light source, I is the wavelength
dependent intensity of the light source after it has passed through a sample, ε is the molar
absorptivity of the sample, l is the sample pathlength, and C is the concentration of the
sample.

2.6.2 Emission
Following the absorption of a photon the luminophore becomes electronically
excited. While in this excited state the luminophore may relax with the emission of a photon.
The efficiency of this process defined by the QY of the luminophore. When the QY is less than
unity a portion of excited luminophores do not relax to emit a photon, rather that energy is
lost through a non-radiative relaxation pathway. Typically these non-radiative pathways are
either vibrational relaxations where the excess energy on the luminophore is released as heat
or the energy may be transferred to a nearby acceptor molecule in the waveguide via a
Förster resonance energy transfer (FRET). When a luminophore is excited it may transfer its
excess energy to an acceptor chromophore through non-radiative dipole-dipole coupling.63
The efficiency of FRET is inversely proportional to the sixth power of the distance between
the donor and acceptor chromophores.64
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2.6.3 Stokes Shift
Most fluorescent dyes do not exhibit mirrored symmetry between absorption and
emission, rather, the lowest energy absorption and the highest energy emission is offset by
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Figure 2.4, Normalized absorption (orange) and emission (blues) spectra of Coumarin
153 in ethanol. The difference in the peak positions of absorption and emission is the
Stokes shift.

an energy gap known as the Stokes shift as shown in Figure 2.4. Luminophores with large
Stokes have a smaller chance of an emitted photon being absorbed by another luminophore
within the LSC. If the Stokes shift is large enough then none of the emitted photons may be
re-absorbed, consequently fewer photons are lost. For this reason many of the luminophores
used in previous LSC research have had the largest possible Stokes shift.

2.6.4 Reabsorption
Partial overlap between the energies of the luminophore absorption and emission
give rise to reabsorption by another dye molecule within the waveguide. This reabsorption is
directly related to the size of Stokes shift and can have a large impact on the performance of
the LSC. As stated previously, each time a photon is emitted there is roughly a 25% chance it
will be emitted within the escape cone and lost. Additionally each time a photon is absorbed
there is a probability that a photon will not be emitted due to the non-unity QY of the
luminophore. Therefore, if there is an overlap between the absorption and emission energies
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of the luminophore, losses from the escape cone and QY can occur repetitively as photons
are continuously absorbed, emitted, and re-absorbed. Assuming there are no other losses
and unity QY, after just ten such events there is only a 10% probability an emitted photon will
reach an edge of the LSC, compared to a 75% probability with no reabsorption events as
shown in Figure 2.5.65 For this reason, much of LSC research has focused on reducing the
losses associated reabsorption.

Figure 2.5, The probability of an emitted photon reach reaching an LSC edge due to
re-absorption losses following n-number of reabsorption events, assuming no other
loss mechanism. Reproduced with permission from the author.40

2.7 Overall LSC Efficiency
One common metric for expressing the LSC efficiency is optical quantum efficiency,
(OQE), because it does not involve the efficiency of the PV and the concentration of the
luminophore. OQE can be more generally thought of as a light concentration efficiency and
is defined as the fraction of absorbed photons, 𝑛𝑎𝑏𝑠 , that reach an edge of the concentrator,
𝑛𝑒𝑑𝑔𝑒 :
𝑂𝑄𝐸 =

𝑛𝑒𝑑𝑔𝑒
𝑛𝑎𝑏𝑠

(Equation 2.13)

In chemical terms, the OQE differs from EQE, described in Equation 2.2, in that OQE is a
description of the number of photons that are absorbed by the luminophores that reach an
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LSC edge instead of the ratio between the total power incident to the LSC and the power
output at the LSC edges. OQE ignores the specific energy of the photons being absorbed and
emitted so that concentrating ability of the LSC may be more simply reported
To illustrate the effects of the various loss mechanisms, OQE can also be expressed as
a combination of terms66:
𝑂𝑄𝐸 = 𝜖𝑄𝑌 𝜖𝐸𝐶 𝜖𝑊 (1 − 𝑅)

(Equation 2.14)

where ϵQY is the fraction of the absorbed photons emitted by the luminophore based on its
QY, ϵEC is the fraction of emitted photons not lost out of the escape cone, ϵW is the fraction
of photons not lost via waveguide loss mechanisms such as scattering, and R is the fraction
of photons assumed to be completely lost via reabsorption. In order to maximize the OQE,
QY needs to be as close to unity as possible, while waveguide losses, escape cone losses, and
reabsorption need to be minimized.

2.8 LSC Summary
It is clear that LSCs may be able to provide a pathway toward a reduction in the cost
of solar energy generation. Currently the major hindrance to the development of LSCs as a
large scale solar concentrator is the lack of an ideally suited luminophore. Reabsorption was
been the major loss mechanism for the majority of previously studied luminophores; while
an ideal luminophore would eliminate reabsorption entirely it should also exhibit a large
spectral absorption and near unity QY. Reabsorption losses have been addressed in multiple
ways though it appears as though the most likely method to succeed would be the use of a
large Stokes shift luminophore that could downshift the energy of emitted photons to the
extent that they cannot be reabsorbed within the waveguide.
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Chapter 3: Doped Quantum Dots
A number of approaches have been investigated to improve the performance of LSCs
by reducing the spectral overlap between absorption and emission or by mitigating the
effects of re-absorption. These attempts have included the use of dichroic mirrors and other
photonic structure to limit escape-cone losses,1,2,3,4 controlling the orientation of the
luminophore to concentrate a greater proportion of emitted light in guided modes,5,6,7,8,9 and
the use of large Stokes shift luminophores.10 Concerning the latter, a wide range a materials
have been used, including organometallic and sensitized lanthanide phosphors,11 Stokes shift
enhancement by solid-state solvation,12 as well as Type I and II QD hetero-structures.13,14,15,16
However despite these efforts, it has proven difficult to identify luminophores that absorb
strongly, are photostable, are solution processable, and generate sufficiently large Stokes
shift without a reduction in QY.
This thesis demonstrates a new class of LSC using impurity-doped semiconductor
nanocrystals, also known as doped QDs, as the luminophore material. Incorporation of small
amounts of a luminescent activator ion within a QD introduces new localized excited states
within the bandgap that can be efficiently excited via exchange mediated energy transfer
from the photoexcited host semiconductor.17 Emission from these states can be significantly
downshifted relative to the semiconductor absorption so that, by choosing the appropriate
dopant with a small extinction coefficient, re-absorption losses within an LSC can be virtually
eliminated.
Doped QDs are able to separate the tasks of absorption and emission which enables
them to simultaneously absorb strongly and generate a large Stokes shift without a reduction
in QY or photostability.17 Importantly, the small dimensions of colloidal doped QDs eliminate
the scattering effects seen in other, larger inorganic phosphor microcrystal powders and large
Type I and Type II hetero-structure QD systems. Semiconductor QDs have large extinction
coefficients along with broadband absorption that is tunable over a wide spectral range. This
is controlled by the size and composition of the QD. Doped QDs also show minimal
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concentration quenching and high resistance to photo-oxidation when compared to most
organic dyes and undoped nanocrystals.18 Depending on the semiconductor, doped QDs can
also be made from low cost, non-toxic, Earth abundant starting materials, and are compatible
with a variety of solution-based synthesis and processing techniques which are advantageous
for integrating into polymer or glass waveguides.
To demonstrate the potential application of these new doped QD materials as LSC
luminophores, this thesis will primarily focus on one type of doped QD, Mn2+ doped ZnSe/ZnS
core-shell QDs. These QDs were chosen to demonstrate the qualities of doped QDs as a whole
because Mn2+ doped ZnSe/ZnS QDs are one of the most studied doped QD, as well as the
easiest to reliably synthesize with a large QY and small size distribution. Moreover, Mn2+
doped ZnSe/ZnS may also be of practical interest for unique applications ranging from
window layers in stacked photovoltaics to transparent building-integrated energy-harnessing
smart windows.

3.1 Mn2+ ZnSe/ZnS Photophysics
QDs have electronic and optical properties intermediate between bulk materials and
smaller molecules, which are directly related to the QD’s size, shape, and composition. QDs,
like bulk semiconductors have a valence band, a collection of filled electron orbitals of similar
energy, and a conduction band, a collection of electron orbitals of similar energy that are
unfilled. These two bands, the valence band and conduction band, are similar in nature to
molecular electronic states (i.e. the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO)) the key difference being that instead of there
existing just one orbital at the HOMO and LUMO positions there is a semi-continuous band
of orbitals in the valence and conduction bands. These bands are separated by an energy gap
from the top of the valence band to the bottom of the conduction band, commonly referred
to as the bandgap, where there are no electronic energy states.
When a semiconductor crystallite is spatially confined to a diameter on the order of
its exciton (an exciton is a bound electron-hole pair19) Bohr radius (~3.8 nm for bulk ZnSe20),
which is the most probable physical distance between the excited electron and the hole, as
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it is in a QD, the excitons become quantum mechanically confined. In this regime, typically
under 10 nm, the electronic and optical properties of the semiconductor are highly tunable.
Very small QDs have larger bandgaps than the bulk semiconductor; as the diameter of the
QD increases the bandgap of the QD shrinks until the QD has reached a size wherein it is no
longer in the quantum confined regime and the bandgap is roughly that of the bulk
semiconductor material. This size tunability allows QDs to selectively absorb at certain
wavelengths and not absorb at others.
After absorbing a photon, fluorescence may occur when the excited electron relaxes
to the ground state and recombines with the hole in the valence band. When this
recombination occurs a photon is emitted with an energy equal to the energy of the bandgap,
with any excess energy dissipated via vibrational relaxation. Just as the absorption is size
dependent so too is the emission. As the QD gets larger the bandgap shrinks causing the
energy of the emitted photon to fall from high energy blue light in smaller QDs to
progressively lower energy, redder light in larger QDs. As shown in Figure 3.121 this size
tunability allows QDs to selectively emit at a desired wavelength

Figure 3.1, Emission range typical of QDs from small sizes ~2 nm in diameter
(purple) to large sizes ~10nm in diameter (red). CdSe QDs are suspended in a
solution of toluene and illuminated with 380nm UV light. Reproduced with
permission from author.21

While the tunability of absorption and emission can be beneficial to LSC design and
performance, QDs have historically not been considered meaningful contenders as LSC
luminophores due to their large spectral overlap between absorption and emission. This
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overlap is significant because any photon emitted by a QD that has energy greater than that
of the QD bandgap can be reabsorbed by another QD somewhere else in the waveguide and
is subject to fatally compounding re-absorption losses that severely limit the effective size
and efficiency of the LSC. In order to utilize the potential of QDs as LSC luminophores reabsorption needs to be addressed.
ZnSe is a direct bandgap semiconductor with a bulk bandgap of ~3.1 eV which allows
it to selectively absorb all ultraviolet and some blue light. ZnSe possess a weak tetrahedral
field; when one of the Zn2+ ions of the host lattice is substituted with a Mn2+ impurity ion new

Energy

excited and ground states are introduced into the ZnSe QD.

Figure 3.2a (Left) Schematic energy description of luminescence sensitization in
Mn2+ ZnSe/ZnS doped QDs.
Figure 3.2b (Right) Schematic description of the Mn2+ 6A1 ground and 4T1 excited
state.
Both figures reproduced with permission of author.22

As shown in Figure 3.2,22 in a tetrahedral field Mn2+ possess a 6A1 ground state that
corresponds to five unpaired electrons in each of its d orbitals, the first excited state of Mn2+
is a 4T1 that corresponds to two pair electrons and three unpaired electron in its d orbitals.
Mn2+ exhibits luminescence associated with a d-d transition from the 4T1 excited state to the
6A

1 ground

state with an energy of ~2.1 eV.17

When a photon of at least 3.1 eV is absorbed by the host semiconductor ZnSe an
exciton is formed just as it would in undoped ZnSe, however when the excited electron and
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electron-hole recombine, a photon is not generated as would normally occur in undoped
ZnSe. Rather, the energy from the exciton recombination is transferred to Mn 2+ which causes
an electron spin flip in the d orbitals, raising Mn2+ to a 4T1 excited state. Energy transfer from

Figure 3.3, Normalized absorption (blue) and photoluminescence (orange) spectra of
colloidal Mn2+ doped ZnSe/ZnS QDs in toluene. Reproduced with permission from
author.22

the exciton to Mn2+ occurs because the 4T1 state is below the conduction band of the host
semiconductor; by transferring the energy of exciton recombination to the Mn 2+ the total
energy of the system is lowered. Additionally, at room temperature, the rate of energy
transfer from the photoexcited nanocrystal to Mn2+ is roughly picoseconds, greatly exceeding
the rate of exciton recombination of roughly nanoseconds,17 meaning that the energy
transfer from nanocrystal lattice to the Mn2+ is both thermodynamically and kinetically
favored, and allows for quantitative energy transfer to the Mn2+ impurity ion. The excited
Mn2+ can then relax to its ground state energy with a high QY.
The corresponding absorption transition from the Mn 2+ ground state 6A1 to the 4T1
excited state is quantum mechanically forbidden by both the Laporte symmetry rule and the
spin parity rule. The transition is Laporte forbidden as the symmetry does not change; it is a
d-d transition which is always spin forbidden and quite weak. The 6A1 to 4T1 transition is also
spin forbidden as the spin quantum number is not maintained from ground state to excited
state. While this transition is not quantum mechanically allowed it still occurs though with a
much smaller extinction coefficient, roughly 1 M-1 cm-1, about 5 orders of magnitude smaller
33

than that of the host nanocrystals.17 Additionally, Mn2+ is only present in trace atomic
quantities, so that, combined with its small extinction coefficient, any light that is emitted
from the 4T1 excited state will effectively not be absorbed by another Mn2+ ion within the LSC.
This large difference in absorptivity yields a large effective Stokes shift of about 1 eV meaning
that the forbidden transition of the Mn2+ allows Mn2+ doped ZnSe/ZnS to have no spectral
overlap between absorption and emission. This lack of overlap completely eliminates
luminophore re-absorption losses that have drastically hindered previous LSC luminophores.
Mn2+ doped ZnSe/ZnS can selectively absorb UV and blue photons and then efficiently
sensitize them to emit an orange photon that is able to freely propagate through the
waveguide, as shown in Figure 3.3.

3.2 QD Surface Passivation
In order for QDs to be effective luminophores, precise control of the photo induced
carrier dynamics and emission properties needs to be maintained. The surface of
semiconductor QDs is usually terminated with organic ligands. These ligands are typically long
carbon chains terminated in a variety of electron donating groups such as amines, carboxylic
acids, phosphines, and thiols.23 Ligands bound to the surface of the QD are used to
counteract unsaturated valences associated with dangling bonds on the surface, increase QD
solubility, and prevent QDs from interacting with each other. In general these ligands provide
greater control over the opto-electronic properties of the QD, particularly the QY. However,
the high surface to volume ratio present in the QD and incomplete passivation of the QD
surface often lead to defects.24 These defects cause charge carrier trapping on the QD surface
which open non-radiative recombination pathways that limit luminescence QY. Organic
ligands typically have difficulty in simultaneously passivating both anionic and cationic
surface defects. Furthermore, steric hindrance between the bulky organic ligands can cause
incomplete surface coverage,25 which leads to an even greater probability of QD aggregation.
To ensure complete passivation of the QD surface, an inorganic semiconductor ZnS
shell is used instead of organic ligands to bind to the surface of the Mn2+ doped ZnSe core
making a core-shell hetero-structure. Growing epitaxial inorganic semiconductor shells over
quantum dots inhibits photo-oxidation and enables passivation of both anionic and cationic
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surface defects.26 QDs with inorganic shells passivating the surface have been shown to
possess higher QY than QDs using solely organic ligands.27 This ZnS shell does not significantly
alter the band structure of the underlying QD core since ZnS has a bandgap energy of 3.54
eV, larger than the 3.1 eV of ZnSe. Due to the semi-continuous nature of the QD’s band
structure, the addition of the ZnS shell is not observed in the electronic absorption spectra as
the conduction band of the ZnS shell overlaps with the conduction band of the ZnSe core.
Though organic ligands do not electronically passivate the surface of the ZnSe core
they are largely responsible for the solvent and particle interactions that occur on the surface
of the ZnS shell. Ligands may bind to the surface of the ZnS shell, just as they bind to the
surface of the ZnSe core. In order to be suspended in a solution or medium, QDs need to be
stabilized via favorable steric interactions. The inorganic lattice of a QD is not soluble with
most solvents and waveguide materials because QDs are highly charged and relative large
inorganic crystals. Since they do not dissolve, QDs need to be suspended by intermolecular
forces between their surface and the surrounding material. If interactions between QDs are
favored over suspension in the host material than aggregation will occur. Large aggregates
will then precipitate out of solution with solvents or waveguides. Using a layer of organic
ligands that bind to surface of the QD while also interacting with the surrounding material, a
QD can be effectively stabilized within an organic medium.
This organic ligand layer also helps to prevent QD-QD interactions, that an inorganic
ZnS shell cannot prevent, which cause aggregation and diminished QY. In the case of Mn 2+
doped ZnSe/ZnS, the organic ligand layer is largely composed of n-tri-octyl-phosphine (TOP),
along with small amounts of n-tri-octyl-phosphine oxide (TOPO), hexadecylamine (HDA), oleic
acid (OLA), oleylamine (OA), and stearic acid (SA). These minor ligands: HAD, OLA, OA, and SA
are residual ligands that are left over from the synthesis of the core ZnSe QD. While TOP acts
as a solvent during the introduction of the Se precursor as well as a ligand on the surface of
the QD. Solutions of Mn2+ doped ZnSe/ZnS will typically contain additional TOP because over
time TOP will oxidize to form TOPO, though the rate of this reaction is on the order of a few
days if continually exposed to air.
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Chapter 4 Experimental Methods

4.1 QD Synthesis
Mn2+ doped ZnSe/ZnS QDs were synthesized in two steps following literature
methods.1,2,3 Mn2+ ZnSe core nanocrystals were prepared by lyothermal degradation of the
tetramer [Zn4(SePh)10](Me4N)2 in the presence of MnCl2. ZnS shells were grown by successive
ionic layer adsorption and reaction (SILAR) deposition from Zn(oleate)2 and tri-n-octyl
phosphine sulfide (TOP-S). In a typical synthesis, 200 mg of [Zn4(SePh)10](Me4N)2 and 10 mg
of Se were added anaerobically to a degassed mixture of 5.4 g of hexadecylamine (HDA) and
5 mg of MnCl2 in a three-necked round-bottom flask, and the temperature was raised to 275
˚C. After 20 - 60 min, depending on the desired size, at 275 ˚C, the mixture was cooled and
nanocrystals precipitated by addition of ethanol. The nanocrystals were then resuspended in
toluene, where they were purified by repeated precipitation with ethanol, isolation by
centrifuging, and resuspension in toluene.
Following purification, ZnS shells were grown by alternating slow additions of
approximately monolayer equivalents of Zn(oleate)2 and TOPS to obtain the desired shell
thickness to a degassed mixture containing the isolated doped nanocrystals, 1.5 g of
oleylamine, and 1.5 g of octadecene, held at 225 ˚C. Each addition was allowed to react for
30 min before the subsequent addition. After shell growth, the mixture was cooled and
purified in the same manner as described above. (Note that while this synthesis was carried
out at Western Washington University most of the QDs were sourced from our collaborators
in Prof. Daniel Gamelin’s group at the University of Washington.)
While most of the QDs used in this thesis are Mn2+ doped ZnSe/ZnS, some
experiments utilize Mn2+ doped Zn1-xCdxSe/ZnS. To prepare these other QDs, slight variations
of the above synthesis were used. Small amounts of the tetramer [Zn4(SePh)10](Me4N)2 were
substituted with a Cd variant [Cd4(SePh)10](Me4N)2 typically with a ratio of 0.85:0.15 of Zn:Cd.
The photophysics of the QDs are discussed in latter chapters. Following synthesis, QDs were
stored in the dark in a solution of toluene and excess TOP and kept under an inert N 2
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atmosphere to ensure minimal oxidation of QD ligand. With minimal exposure to Oxygen the
QDs remained stable for upwards of six months to a year with only a small degradation in QY
after this time period. Diluted QDs solutions were not stored for periods longer than one
week as solutions with low TOP concentrations typically degrade at a faster rate.
The solution absorption and emission spectra reported in this thesis were obtained
using a diluted solution of QDs and TOP in toluene within a 1 cm pathlength quartz cuvette,
using a Jasco V-670 Spectrophotometer for absorption spectra and a Horiba JobinYvon
Fluorolog Fluorometer for emission spectra. Both absorption and emission were referenced
against a background of TOP and toluene in the same cuvette. The excitation wavelength
used to generate the emission spectra was typically 400nm which was generated
monochromatically using the fluorometer.

4.2 Device Preparation
4.2.1 Polymer Selection
In order to demonstrate how Mn2+ doped ZnSe/ZnS performs as a LSC it needs to be
suspended within a waveguide. Generally this waveguide should be solution processable,
relatively inexpensive, transparent to visible light, possess a large refractive index, and
chemically compatible with Mn2+ ZnSe/ZnS QDs.
Poly-acrylates have been used in many LSC applications because they are solution
processable, transparent across the visible spectrum, inexpensive, possess relatively large
refractive indices, and inexpensive. Recently, most LSCs have been made using polymethyl
methacrylate (PMMA) as the waveguide material. While PMMA is able to meet most of the
general criteria as a waveguide material for Mn2+ doped ZnSe/ZnS, its chemical compatibility
is lacking. PMMA is a relatively polar molecule; the methacrylate group of the polymer chain
interacts unfavorably with the non-polar ligand shell of TOP and other hydrophobic groups
that surround each QD. This sterically unfavorable interaction causes phase separation
between the polymer and QD and leads to QD aggregation, both of which greatly reduce the
waveguide clarity and QY. In order to disperse these QDs, a polymer host matrix with more
sterically similar features to those of the QD ligand shell is needed.
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Polylauryl methacrylate (PLMA) is very similar to PMMA, except that instead of a
methyl- group for a side chain there is an eleven carbon long lauryl- group. This lauryl- group
is chemically very similar to the large carbon chains that exist in the QD ligand shell. Due to
this chemical similarity the QDs are very easily integrated within this polymer material
without any loss in clarity of QY. PLMA however has a low glass transition temperature (T g).
The glass transition temperature denotes the temperature at which an amorphous material
transitions from a hard brittle state to a rubbery molten state. With a Tg of about -30˚C, PLMA,
at room temperature, PLMA has a consistency that resembles melted butter, making the
preparation of high quality optical films quite difficult. For this reason, a cross-linker, ethylene
glycol dimethacrylate (EGDMA), is added to increase the average molecular weight as well as
the Tg so that solid films could be made for measurements. This copolymer, PLMA-co-EGDMA
was able to effectively suspend the QDs while also keeping the waveguide rigid enough for
device measurements.

4.2.2 Additional Ligand
While the copolymer was able to suspend the QDs without initially deteriorating the
clarity or QY, the QY of the QDs would slowly fade over a period of days. In order to stabilize
the QY within the polymer matrix excess ligand needed to be added. TOP is a very labile
ligand, meaning that the metal to ligand bonds that tie the TOP to the surface of the QD are
quite weak and easily broken which allow TOP molecules to bind and unbind from the surface
of the QD. TOP, like many other organophosphines is quite susceptible to oxidation; once
oxidized, TOP oxide (TOPO) will not readily bind to the surface of the QD. When a surface site
on the QD is open, a defect may form which in turn leads to a reduction in the QY of the QD.
An excess of TOP in the polymer matrix ensures that oxidized TOP can be readily replaced by
new TOP so that the QY, and the performance of the LSC can be maintained. Additional TOP
may also function as a sacrificial reductant that can react with any oxygen within the polymer
before the oxygen reaches a QD surface ligand.
Additional TOP may also serve a second purpose as a plasticizer for the polymer
matrix. It was determined in the process of developing the copolymer composition that
internal stresses inside the polymer matrix caused cracking and warping of the polymer. TOP
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is able to alleviate this strain by taking up space inside the polymer while not participating in
the polymerization reaction so that, during polymerization reaction, shrinkage is reduced and
mechanical stresses in the polymer matrix are avoided, though this plasticizer role has not
been fully investigated.
While excess TOP ligand within the polymer matrix may help to minimize loss of QD
luminescence, over time the oxidation of TOP may lead to an increase in waveguide
attenuation. TOPO with a melting point of ~50 ˚C4 is a solid at room temperature. As TOP
oxidizes to TOPO, nanometer sized crystallinities begin to form within the waveguide. These
crystallinities cause particle scattering which overtime increase the waveguide attenuation
as more TOPO is generated. To address this oxidation, efforts have been made to seal the
edges of the LSC using an oxygen impermeable epoxy. With the edges sealed the QY of the
QDs and the waveguide attenuation of the LSC is maintained for many months.
While suggestions on the role of TOP within the waveguide have been made, further
investigations into the interactions between TOP and the host waveguide are still needed.
Detailed studies of the polymer matrix using differential scanning calorimetry (DSC), thermal
gravimetric analysis (TGA), and mass spectrometry (MS), could be used to determine if TOP
is evenly dispersed in the waveguide, if Tg is altered with the addition of TOP, and the average
molecular weight with and without additional TOP. These additional experiments may
suggest that fabrication methods be altered, though currently it is unknown to what extent
additional TOP affects the waveguide.

4.2.3 Initiator Methodology
To initiate the polymerization there are two options available; UV or thermal
initiation. Thermal initiation involves heating a monomer mixture to 75 ˚C for a period of
many hours. Over this heating period monomer would have the opportunity to evaporate or
phase separate from partially polymerized polymer causing very uneven and unreproducible
polymerization results. Additionally, higher temperatures increases the speed at which TOP
oxidizes, which would result in greater waveguide attenuation. An UV initiator involves
illuminating a sample with UV light, can be completed in ~2 hours, and does not run the risk
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of evaporating or phase separating monomer during the polymerization process. For these
reasons a UV photoinitiator, Ciba Irgacure 651, was used to polymerize the LSC samples.

4.2.4 Coverglass and Spacers
Polymer films were created by polymerizing a monomer, crosslinker, and QD mixture
between two glass coverslips. These glass coverslips play an important role in light
propagation through the waveguide as each reflection interacts with the surface of the glass.
As stated previously, surface scattering accounts for a component of the waveguide
attenuation losses, especially for waveguides thinner than about 1mm. The surface scattering
losses are directly proportional to the surface roughness of the glass. In order to achieve an
LSC with the smallest waveguide attenuation possible, the glass used need to be as smooth
as possible. LSC shown in this thesis were prepared using two different glass coverslips with
two different surface roughnesses: <1 nm2 and 2.7 nm2, determined using an atomic force
microscope (AFM) in tapping mode.
In order to maintain and control the thickness of the waveguide, microscopic spacers
were placed between the two glass coverslips; as few as one at each of the corners of the
waveguide and one in the center. These spacers were microspheres made of borosilicate
glass of a desired thickness from 0.005 mm to 1mm all sourced from Cospheric. Borosilicate
microspheres were chosen because their refractive index (1.49) closely matched that of the
polymer matrix (~1.5) so losses due to index mismatch could be minimized and because they
are chemically inert. Though the refractive index of the microspheres is well matched to the
waveguide, the large size of the microspheres can cause significant light scattering. For this
reason the quantity of microspheres within the waveguide should be as small as possible and
placed within the waveguide so that light propagation through the center of the waveguide
is not significantly hindered.

4.2.5 Device Fabrication
Nanocrystals were incorporated into polymer films by dispersing a toluene suspension
into a 5:1:1 by weight mixture of laurylmethacrylate, trioctyl phosphine, and ethylene glycol
dimethacrylate, containing <1 wt % of Irgacure 651 photoinitiator (CIBA). Laurylmethacrylate
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and ethylene glycol dimethacrylate were both distilled prior to polymerization to remove the
radical inhibitors that are added to the reagents by the manufacturer. Several droplets,
roughly .2 to .5 ml depending upon the desired thickness of the LSC, of the resulting mixture
were placed onto a clean borosilicate glass coverslip, which was then covered by a second
coverslip, and the resulting glass/solution/glass samples were photopolymerized as shown in
Figure 4.1 with a long wave UV light source positioned about 5 inches above the samples
while under nitrogen for 1-3 hours to form a solid film with a thickness of approximately 100
μm, which was determined by measurement with a mechanical caliper. A mirror may also be
placed underneath the samples to reflect a portion of the UV light onto the underside of the
sample for more complete polymerization. Later samples were polymerized using a transilluminator, which can provide a much more uniform and intense UV light source, to increase
the rate of polymerization.

Figure 4.1, Setup of the photo-polymerization of typical Mn2+ doped ZnSe/ZnS LSCs
(dimensions 25 x 75 x .42mm).

Given that the thickness of the LSC is controlled by the volume of monomer solution
and gravity, many devices were unusable due to deviations in device thickness. Any deviation
in the LSC thickness causes uneven propagation of light through the waveguide which would
result in an inaccurate depiction of LSC performance. For this reason later devices also utilized
borosilicate spacer balls positioned between the two glass coverslips to control the thickness,
varying from 50, 100, 150, and 1000 μm, all sourced from Cospheric.
Absorption spectra of the LSC devices were obtained using the Jasco V-670
Spectrophotometer by propping up the device on the solution cell mount so that the beam
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of light could pass through the face of the LSC. Absorption was measured at multiple points
along the length of the LSC to determine if the concentration and thickness remain constant
across the device. If the absorption varied more than 5% the device was discarded.
Emission spectra of the devices were collected by illuminating the surface of the LSC
with diffuse monochromatic 400nm light from a fluorometer that was passed through a fiber
optic, the emission was monitored from 420nm to 700nm through an aperture of an
integration sphere, positioned at an edge of the LSC, connected to the fluorometer with
another fiber optic. Emission spectra were also collected using a front face reflection setup,
in which the LSC would be illuminated at a single point with 400nm light where emission from
420nm to 700nm would be simultaneously monitored. These two methods allowed
comparisons to be made between light emitted in the waveguide and emitted light travelling
through the waveguide.
Devices, shown in Figure 4.2, were largely transparent to visible light with an optical
density up to about 0.50 at the first exciton absorption maximum, depending on the
concentration of doped QDs used. Despite this transparency, waveguided luminescence is
still clearly visible by eye when exposed to diffuse sunlight. Overall, typical concentrator
dimensions were 25 x 75 x 0.42 mm, corresponding to a geometric gain of G = 22. Unless
stated otherwise all devices depicted in this thesis were prepared in the same way as the
device shown in Figure 4.2, and typically will only differ slightly in QD concentration.

Figure 4.2, A typical Mn2+ doped ZnSe/ZnS LSC (dimensions 25 x 75 x .42mm)
illuminated with diffuse sunlight.
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The relatively large Mn2+ doped ZnSe/ZnS PLMA-co-EGDMA devices (G=22 at full area)
were made so that LSC performance could be monitored through various sizes. OQE was
measured as a function of geometric gain under uniform and diffuse illumination from a
monochromatic light source. Successively larger illuminated areas were measured using a
moveable mask to blacken a portion of the device. A sketch of the setup is shown in Figure
4.3.5 Light emitted by the LSC was collected through an aperture, adjacent to one of the edges
of the LSC, into an integration sphere coupled to a fluorometer. The remaining edges of the
device were blackened with ink so as to eliminate any edge reflections.

Figure 4.3, LSC device measurement diagram. Illuminated from above, a mask is
moved away from the collection aperture so concentrators of larger sizes may be
measured. Reproduced with permission from author.5

Devices were illuminated with 400 nm light from a fluorometer passed through a glass
diffuser plate and emission was integrated over the range of 420-700 nm to span the entirety
of the Mn2+ emission peak centered at 585 nm. The intensity of the light source and the
integration sphere were calibrated using a Thorlabs model GM10HS photodiode. Following
calibration, the apparent OQE is calculated and plotted against geometric gain:
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Figure 4.4, Apparent OQE of a typical Mn2+ doped ZnSe/ZnS LSC (dimensions
25 x 75 x .42mm) as a function of geometric gain. Reproduced with permission
of author.5

4.3 Measurement Limitations
While an OQE for each of the successive concentrator sizes can be computed, the
resulting values at each size shown in Figure 4.4, does not accurately depict the full OQE of
the device. The integration sphere only collects light from a small aperture next to one of the
sides of the concentrator, so that light that is emitted out any of the other sides of the
concentrator is not measured. If the unmeasured emitted light is unaccounted for then the
measured, apparent OQE becomes skewed and results in a far smaller OQE than the device
actually possesses.
Additionally, there is an air interface between the integration sphere and the LSC that
would not be present if PV cells had been placed at the edges. Using the same principle of TIR
that defines an escape cone for photons traveling through the plane of the waveguide, there
is also a side escape cone that describes the reflection and refraction at edge interfaces of
the concentrator. Consequently, an emitted photon may reach an edge of the concentrator
but not escape to be collected because it was not emitted at an angle within the edge escape
cone. In other words the detector is not index-matched to the waveguide: air has a refractive
index of ~1 and PV cells usually have a refractive index of at least 2, while the refractive index
of PLMA-co-EGDMA is roughly 1.5. At an interface between air and PLMA-co-EGDMA only
about 30% of photons are able to escape the waveguide, while at the interface of a PV and
PLMA-co-EGDMA close to 100% of the photons that reach the edge are able to escape. In
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order to determine the full OQE, the photons that are not collected also need to be accounted
for so that the measured OQE is not skewed from the actual value.
These two measurement limitations show that in order to measure the actual OQE of
a LSC a set of correction factors are required to correct the apparent measured OQE to
determine the actual OQE of the device. However correcting the measured data is not trivial;
any correction factor would need to be able to account for all directions of light emission as
well as losses due to luminophore QY, escape cone, and waveguide attenuation.

4.4 Correction Factor
To address the aforementioned measurement limitations, a set of correction factors
based on a mathematical model of the Mn2+ doped ZnSe/ZnS PLMA-co-EGDMA devices
were developed in collaboration with Prof. Stephen McDowall in department of
Mathematics at Western Washington University. The derivation and assumptions related
to these correction factors are described below.5 To summarize, the correction factors
allow for the determination of the full OQE of the LSC that would have been measured an
index matched detector was positioned along every edge of the LSC using the apparent
OQE measured with an unmatched detector at a single aperture.

4.4.1 Correction Factor Derivation
The measured experimental data of a given device length 𝐿 and constant width 𝑊,
𝑂𝑄𝐸𝑎𝑝 (𝐿), were collected using a non-index-matched detector from an aperture of width
A, centered on the W = 2.5 cm edge of an LSC with the dimensions L × W cm2. We wish to
extrapolate the 𝑂𝑄𝐸𝑓𝑢𝑙𝑙 (𝐿) of an LSC if photons were collected on all four edges by an
index-matched detector. This extrapolation assumes that an emitted photon will not
undergo a second absorption, therefore it is assumed that there will be no losses due to
reabsorption. In the absence of reabsorption, OQE is solely defined by the QY of the
luminophore, QY, the escape cone, ϵec, and losses due to waveguide attenuation as a
function of the size of the waveguide, ϵwg:
𝑂𝑄𝐸(𝐿) = 𝑄𝑌𝜖𝑒𝑐 𝜖𝑤𝑔 (𝐿)
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(Equation 4.1)

To represent the waveguide losses in the extrapolation there is included a possibility
of loss of photons due to scattering and extinction by the matrix itself. Assuming that the
probability of such loss is independent of location within the LSC, this loss is described by
an extinction coefficient α.
Let 𝑂𝑄𝐸𝑎𝑝 (𝐿; 𝛼, 𝑄) be the theoretical measurement we will calculate, taking into
account the Fresnel relations at the measurement aperture and assuming a matrix
extinction of α and QY of 𝑄. By fitting 𝑂𝑄𝐸𝑎𝑝 (𝐿; 𝛼, 𝑄) to 𝑂𝑄𝐸𝑎𝑝 (𝐿𝑗 ) for the measurement
at lengths 𝐿𝑗 we determine best fit parameters for matrix extinction, 𝛼 ∗ , and quantum
yield,

𝑄∗.

Both

𝑂𝑄𝐸𝑎𝑝 (𝐿)

and

𝑂𝑄𝐸𝑎𝑝 (𝐿; 𝛼, 𝑄)

assume

non-index-matched

measurements. Using 𝛼 ∗ and 𝑄 ∗ we can then compute 𝑂𝑄𝐸𝑓𝑢𝑙𝑙 (𝐿); the predicted
measurement for the full device if an index matched detector were to be used on all edges
of the LSC.
Introducing a set of coordinates (x, y) to the LSC so that the LSC is −W/2 ≤ x ≤ W/2,
0 ≤ y ≤ L, and the aperture is – A/2 ≤ x ≤ A/2, y = 0. The thickness of the LSC plays no role in
these computations as it does not affect the way in which TIR functions. To obtain OQEap,
let p(x, y ; α, Q) be the probability that a photon emitted from position (x, y) in the LSC: (i)
reaches the side y = 0 within the aperture; (ii) lies within the side escape cone of the
aperture; and (iii) refracts out of the LSC. Allowing z to be unconstrained corresponds to
allowing TIR between the top and bottom faces. The third requirement takes into account
the transmission coefficient for unpolarized light, determined from the Fresnel relations.
Given p(x, y; α, Q), we have:
∗ (𝐿;
𝑂𝑄𝐸𝑎𝑝
𝛼, 𝑄) =

1 𝑊/2 𝐿
∫
∫ 𝑝(𝑥, 𝑦; 𝛼, 𝑄) 𝑑𝑥 𝑑𝑦
𝐿𝑊 −𝑊/2 0

(Equation 4.2)

To obtain the probability, p(x, y; a, Q), first let the equatorial angle of photon travel,
−π < φ1 (x, y) < φ2 (x, y) < 0, be such that it may reach the aperture edge where the directions
(cos φi, sin φi,) from any given point (x, y) meet (−W/2,0) and (W/2,0), respectively. And for
each equatorial angle φ1 (x, y) < φ < φ2 (x, y), we define a polar angle 0 ≤ θ(φ(x, y)) ≤ π/2
by:
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−1
1
−1
√
sin
(
1
−
)
𝜃(𝜙(𝑥, 𝑦)) = {
sin 𝜙(𝑥, 𝑦)
𝑛2 ,
1,

1−

1
< 𝑠𝑖𝑛2 𝜙 (𝑥, 𝑦)
𝑛2
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(Equation 4.3)
such that either the vector ν(θ, φ) = (sin θ cos φ, sin θ sin φ , cos θ) lies within the side
escape cone (centered on the normal vector ν= (0, −1,0) to the aperture) precisely
for θ(φ(x, y)) ≤ θ ≤ π/2, or θ(φ(x, y)) = π/2 if there is no θ for which the direction with that
φ lies within the side escape cone. We define the transmission coefficient 𝑇 = 1 −

(𝑅𝑠 +𝑅𝑝 )
2

where:
𝑛𝑣 ∙ 𝑣 − √1 − 𝑛2 (𝑣 ∙ 𝑣)2
,
𝑅𝑠2 = {𝑛𝑣 ∙ 𝑣 + √1 − 𝑛2 (𝑣 ∙ 𝑣)2
1,

1
𝑣 ∙ 𝑣 > sin−1 ,
𝑛

(Equation 4.4)

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

𝑛√1 − 𝑛2 (𝑣 ∙ 𝑣)2 − 𝑣 ∙ 𝑣
,
𝑅𝑃2 = {𝑛√1 − 𝑛2 (𝑣 ∙ 𝑣)2 + 𝑣 ∙ 𝑣
1,

1
𝑣 ∙ 𝑣 > sin−1 ,
𝑛

(Equation 4.5)

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

T can then be defined as a function of (θ, φ) by way of v(θ, φ) given in spherical coordinates.
With these definitions the probability of being collected is now defined as the following:
𝑝(𝑥, 𝑦; 𝛼, 𝑄) =

𝜋/2
𝑄 𝜙2 (𝑥,𝑦)
∫
2∫
𝑇(𝜃, 𝜙)exp(−𝛼𝑙(𝑥, 𝑦; 𝜃, 𝜙)) sin 𝜃 𝑑𝜃 𝑑𝜙,
4𝜋 𝜙1 (𝑥,𝑦)
𝜃(𝜙(𝑥,𝑦))

(Equation 4.6)
where l(x, y ; α, Q) is the distance from the point (x, y) to the edge y = 0 in the direction
−𝑦

with spherical coordinates (θ, φ). Specially, l(x, y ; α, Q) = sin 𝜃 sin 𝜙.

Because α is unknown, we cannot compute OQEap(L; α, Q) directly. However, for
1

1

values of αl << 1, exp(-αl) = 1 − 𝛼𝑙 + 2 (𝛼𝑙)2 − 6 (𝛼𝑙)3 + ⋯ ≈ ∑𝑁
𝑗=0

𝛼𝑖 𝑙𝑗
𝑗!

. As we shall see

below, the requirement that αl ≪ 1 does indeed hold and the approximation is accurate
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with N as low as 3 or 4. We define the α-independent and Q-independent functions, i ≥ 0,
𝑊/2
𝐿 𝜙2 (𝑥,𝑦) 𝜋/2
1
𝑓𝑖 (𝐿) =
∫
∫ ∫
∫
𝑇(𝜃, 𝜙) 𝑙(𝑥, 𝑦; 𝜃, 𝜙)𝑖 sin 𝜃 𝑑𝜃 𝑑𝜙 𝑑𝑥 𝑑𝑦
2𝜋𝐿𝑊 −𝑊/2 0 𝜙1 (𝑥,𝑦) 𝜃(𝜙(𝑥,𝑦))

(Equation 4.7)
Which can be numerically computed for the measurement lengths L1, …, L14 and W = 2.5.
We then have:
(−1)𝑁 𝑁
1
∗
𝑂𝑄𝐸𝑎𝑝
(𝐿𝑘 ; 𝛼, 𝑄) ≈ 𝑄 (𝑓0 − 𝛼𝑓1 (𝐿𝑘 ) + 𝛼 2 𝑓2 (𝐿𝑘 ) − ⋯ +
𝛼 𝑓𝑁 (𝐿𝑘 ))
2
𝑁!
(Equation 4.8)
For a given N, we can now minimize the mean squared error (MSE) between this vector of
values and the measured values:
{𝛼 ∗ , 𝑄 ∗ } = 𝑎𝑟𝑔𝑚𝑖𝑛 {∑

14

2

∗ (𝐿
(𝑂𝑄𝐸𝑎𝑝
𝑘 ; 𝛼, 𝑄) − 𝑂𝑄𝐸𝑎𝑝 (𝐿𝑘 )) }.

𝑘=0

(Equation 4.9)
We find that MSE is ~2 x 10-6 even for no measurements, N=0, but drops to ~1 x 10 -6 for
N=3 and remains so for N=4 and 5 measured values; the values for α* and Q* also remained
unchanged beyond N=3.
∗
(𝐿, 𝑊). Extending the definition of
Using α* and Q*, we can now calculate 𝑂𝑄𝐸𝑓𝑢𝑙𝑙

l(x, y; α, Q) to be the distance from (x, y) to the nearest edge met by the vector with
∗
(𝐿, 𝑊) can be defined as:
spherical coordinates (θ, φ). Then 𝑂𝑄𝐸𝑓𝑢𝑙𝑙

∗
(𝐿, 𝑊)
𝑂𝑄𝐸𝑓𝑢𝑙𝑙

=

𝑊/2
𝐿 𝜙2 (𝑥,𝑦) 𝜋/2
𝑄∗
∫
∫ ∫
∫
exp(−𝛼 ∗ 𝑙(𝑥, 𝑦; 𝜃, 𝜙) )sin 𝜃 𝑑𝜃 𝑑𝜙 𝑑𝑥 𝑑𝑦
2𝜋𝐿𝑊 −𝑊/2 0 𝜙1 (𝑥,𝑦) 𝜃(𝜙(𝑥,𝑦))

(Equation 4.10)
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This definition may be amended to fit into the previous definition of OQE in Equation 4.1,
to define the losses due to waveguide attenuation, ϵwg, expressed in decibels, db, as well
as correcting the measured data to determine the full OQE given a known luminophore QY:

𝜖𝑤𝑔 =

𝑊/2
𝐿 𝜙2 (𝑥,𝑦) 𝜋/2
1
∫
∫ ∫
∫
exp(−4.34𝛼∗ 𝑙(𝑥, 𝑦; 𝜃, 𝜙) )sin 𝜃 𝑑𝜃 𝑑𝜙 𝑑𝑥 𝑑𝑦
2𝜋𝐿𝑊 −𝑊/2 0 𝜙1(𝑥,𝑦) 𝜃(𝜙(𝑥,𝑦))

(Equation 4.11)
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Chapter 5: Results and Discussion
Using the correction factors developed by Prof. Stephen McDowall, our collaborator in
the WWU mathematics department, the apparent OQE data presented earlier in the Chapter 4
may be adjusted to report the OQE for the full device. To summarize, these correction factors
integrate over all possible angles of travel and position within the waveguide to numerically
determine the portion of photons that reach an edge of the LSC and are able to escape to be
captured by the detector. Measured data is then fit to determine QY and waveguide attenuation
assuming that there are no losses due to reabsorption.

5.1 Corrected Device Results
With the measured data corrected for each concentrator size; the full OQE of the device
can now be reported. Representative results from a typical Mn2+ doped ZnSe/ZnS LSC are
shown in Figure 5.1.1

Figure 5.1, Corrected OQE of a typical Mn2+ doped ZnSe/ZnS LSC, plotted against
geometric gain and LSC area. Reproduced with permission of author.1

At G = 22, corresponding to full area illumination of the 25 x 75mm LSC, the OQE is shown
to be equal to 37%. For the mathematical model and correction factors to prove accurate, the
measured corrected result needs to agree with the expected theoretical value. In the absence
of reabsorption, the OQE of this LSC should be equal to the QY multiplied by the escape cone
(~.75), given that the QY for the QDs used in the LSC depicted was 50%, the expected OQE is
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37.5% This expected value agrees very well with our previous measurement of the optical
properties of this luminophore and shows that our correction factor is both accurate and
consistent with our theoretical assumptions.
Furthermore, utilizing the measured values at each concentrator size, the model can also
determine the QY of the luminophore which can be compared to the QY determined in solution
as another test of the model’s accuracy. With the mathematical model the QY was determined
to be 53%, just three percent greater than the solution measurement of 50%; indicating that
the QY is preserved following polymerization. Given the agreement between these values we
can have confidence in the ability of the model to produce an accurate result.

5.2 Assessing Reabsorption
To show that reabsorption is not occurring, the emission spectra of various concentrator
sizes were overlaid on top of one another. All luminophore dyes that exhibit reabsorption will
exhibit a bathochromic shift in the normalized emission intensity corresponding to the extent
of reabsorption that has occurred. This bathochromic shift becomes more pronounced as the
pathlength of the light travelling through the waveguide to the detector increases. To illustrate
this effect an LSC using Lumogen Orange, an organic dye with relative large reabsorption as
shown in Figure 5.2a, is illuminated at various fixed distances away from a detector placed at
the LSC’s edge. Emission is monitored across the range of the luminophore’s emission through

Normalized Emission

an aperture of an integration sphere.

reference

d = 3.9 mm
d = 20.4 mm

500

550

600

650

700

Wavelength (nm)

Figure 5.2a, (Left) Electronic absorption (orange) and emission (blue) spectra of an organic LSC dye
Lumogen Orange. Notice the large overlap between absorption and emission.
Figure 5.2b, (Right) Reference emission of Lumogen Orange plotted with the emission of a Lumogen
Orange LSC illuminated 3.9 mm (orange) and 20.4 mm (blue) away from the detector.
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The overlaid emission spectra shown in Figure 5.2b demonstrate this bathochromic shift
common to organic dyes. After multiple reabsorption events, all the photons that had
sufficient energy to be absorbed have been lost via losses related to reabsorption; the redder
photons whose energy does not overlap with the absorption of the luminophore are able to
travel to the edge of the waveguide. Since redder photons are not reabsorbed the relative
intensity of the redder emitted light is greater than the reabsorbed bluer light which gives rise
to the bathochromic shift observed in Figure 5.2b.
Unlike Lumogen Orange, LSCs based on Mn2+ doped ZnSe/ZnS, however, do not exhibit
any significant reabsorption and should not exhibit a bathochromic shift in the normalized
emission intensity as a function of concentrator. The LSC was illuminated with diffuse 400nm
light, while a portion of the device was shaded by a movable mask. Emission was monitored as
a function of concentrator size as shown in Figure 5.3.1 As the concentrator size increases, the
normalized intensity of the Mn2+ emission does not significant change for the size range
studied. The lack of a shift in the normalized emission as a function of concentrator size shows
further evidence that reabsorption is not occurring in LSCs using Mn2+ doped ZnSe/ZnS QDs.

Figure 5.3, Normalized emission spectra of a Mn2+ doped ZnSe/ZnS LSC with dimensions 25 x 75 x
0.42mm and an optical density of .3 for various concentrator sizes. Reproduced with permission of
the author.1

55

5.3 Luminophore Quantum Yield
The preceding results utilized QDs with a QY of 50% but there is nothing theoretically
limiting doped QDs from possessing near unity QYs. Many QDs have been shown to have QYs
that approach unity2,3. In yet unpublished trials, our collaborator Liam Bradshaw at the
University of Washington has been able to prepare Mn2+ doped ZnSe/ZnS QD with QY as high
as 97%. As stated previously, without losses due to reabsorption the OQE is largely dependent
upon the QY of the luminophore. QDs with higher QYs would allow LSCs to be prepared with
greater overall performance than those shown previously. Thus far the highest QY of QDs used
in this investigation of Mn2+ doped ZnSe/ZnS is 87%. LSCs were prepared with these QDs and
examined in the same manner as described previously; corrected OQE is plotted as a function
of concentrator size in Figure 5.4.
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Figure 5.4, Corrected OQE of a Mn2+ doped ZnSe/ZnS LSC with QY =87%, plotted
against geometric gain.

For the above device OQE at was determined to be 57% at G=20, with a modeled QY of 82%.
Though there is a small drop in the luminescence QY, the optical properties of the luminophore
are maintain. An increase in the QY of ~30% between the LSC depicted in Figure 5.1 and the
LSC depicted in Figure 5.4 results in an OQE increase of ~20% as is expected based on Equation
4.1 describing the relationship between OQE and QY.
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5.4 Excitation
OQE was also measured as a function of excitation energy by illuminating with various
wavelengths, in the same manner as described above, as shown in Figure 5.5.1 Mn2+ doped
ZnSe/ZnS QDs can absorb any photon with greater energy than its bandgap, while any excess
energy may be dissipated as heat before the QD relaxes with the emission of a photon from
Mn2+. The QD LSC performance was found to be independent of excitation energy above the
bandgap of the QD. As the wavelength of excitation moves to lower energy the Mn2+ doped
ZnSe/ZnS QDs are no longer able to absorb the incoming photons because the photons energy
is smaller than the QD bandgap. Excitations occurring at 420 and 425 nm are only able to excite
a small subset of slightly larger QDs within the LSC whose bandgap is smaller than the majority
of the QDs with the waveguide.

Figure 5.5, OQE of a Mn2+ doped ZnSe/ZnS LSC for various excitation energies. OQE remains
consistent with illumination above the bandgap of the QD. Reproduced with permission of the
author. 1

5.5 Waveguide Attenuation Results
Notice that there is a slight negative slope in the OQE versus G data for LSCs based on
Mn2+ doped ZnSe/ZnS QDs as shown in Figure 5.1 and Figure 5.4. These negative slopes
represents the cumulative effects of the waveguide loss mechanisms acting on light traveling
through the waveguide. As the path length of the emitted photons increases with the
increasing size of the concentrator more photons are lost via loss mechanisms such as particle
scattering and waveguide absorption. These waveguide loss mechanisms are collectively
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referred to as waveguide attenuation.
This waveguide attenuation is pathlength dependent and is denoted as 𝛼 ∗ and
calculated in the previous described mathematical model (Section 4.1.1). The general
waveguide attenuation 𝛼𝐿𝑆𝐶 can be expressed as combination of waveguide attenuations due
to the various loss mechanisms:
𝛼𝐿𝑆𝐶 = 𝛼𝑠 + 𝛼𝑝 + 𝛼𝑤𝑔

(Equation 5.1)

where loss mechanisms are denoted for surface scattering, 𝛼𝑠 , particle scattering, 𝛼𝑝 , and
waveguide absorption, 𝛼𝑤𝑔 . The total attenuation coefficient for the LSC depicted in Figure
5.1, in units of decibels per cm, is 0.085 dB/cm. To relate these units to units of relative
intensities, 3dB per any unit length equates to a loss of 50% of the intensity over the specified
distance. The analysis of the waveguide attenuation in the mathematical model cannot
determine to what extent each loss mechanism is influencing the total waveguide attenuation.
Each attenuation term may be analyzed theoretically using the models that describe scattering
or experimentally either by altering one or more device variable during preparation or by
independently measuring each attenuation component.

5.5.1 Surface Scattering Attenuation
By altering only the surface roughness of the LSC we are able to determine what portion
of the waveguide attenuation is related to surface scattering. In the glass-polymer-glass design
of the doped QD LSCs presented in this thesis, the surface roughness of the waveguide is
dictated by the surface roughness of the glass substrates. The waveguide attenuation of the
LSC depicted in Figure 5.4 was determined to be 0.011 dB/cm. The major difference between
the LSCs depicted in Figure 5.1 and Figure 5.4 was the type of coverglass used. The surface of
the former LSC had a mean surface roughness of ~2.7 nm2 while the surface roughness of the
latter LSC was <1 nm2 (An exact value is not known because the roughness of the material is
below the detection limit of the atomic force microscope (AFM) used to determine the surface
roughness because the AFM tip is too large to resolve features smaller than 1nm). According
to the surface scattering model depicted in Equations 2.10 and 2.11, this change in surface
roughness should cause at least a 2.7x decrease in the waveguide attenuation at the peak
luminophore emission wavelength, 585 nm. Between the two LSCs there is around an eight
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fold decrease in the total waveguide attenuation. Though this reported waveguide attenuation
contains losses due to other mechanisms, the result is consistent with the surface scattering
model. This result would indicate that a majority of the waveguide attenuation for the LSC
depicted in Figure 5.1 was related to surface scattering, and that flatter glass may eliminate
losses due to surface scattering.
Upon further investigation of the surface scattering model, even with relatively poor
values of surface roughness (5 nm2), moderately thick waveguides, with a thickness on the
order of 1 cm, exhibit virtually no attenuation due to surface scattering at or near the peak
emission wavelength of Mn2+ doped ZnSe/ZnS. Given that the losses due to surface scattering
are minimal for thicker waveguides, and that any practical application of LSCs would likely use
waveguides that are at least 1 cm thick, attenuation due to surface scattering should not be
considered to be a major loss mechanism.

5.5.2 Particle Scattering Attenuation
Attenuation resulting from particle scattering can be described by Rayleigh scattering.
As shown in Equation 2.09, Rayleigh scattering is highly dependent upon the size of the particle
that the photons interact with. QDs used in the LSCs described in this thesis can range from
approximately 4 to 10 nm in diameter; sizes which may contribute significant amounts of light
scattering. Though there have not yet been any efforts to experimentally determine the effects
of particle attenuation in an LSC we can conclude that in order to minimize particle scattering
the QDs will need to be as small as possible. Decreasing the size of the QDs does not
significantly alter the Mn2+ emission, though smaller QDs possess larger band gaps which limit
the amount of light that can be absorbed.

5.6 Implications of Waveguide Attenuation
Importantly, the relative flatness of the OQE data as a function of geometric gain shown
in Figure 5.1 and lack of reabsorption indicates that for the first time the performance of the
LSC as a function of concentrator size is not limited by the optical properties of the
luminophore but rather by the transparency of the waveguide. If the OQE data shown in Figure
5.1 is extrapolated using the negative slope of the waveguide attenuation to the limiting
concentrator size, then the performance of much larger LSCs than can be prepared may be
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determined. The extrapolation of this data is shown in the inset of Figure 5.6.1

Figure 5.6, Predicted energy concentration ratio and flux gain (blue) for amorphous Silicon PVs
attached to a square Mn2+ doped ZnSe/ZnS QD LSC with waveguide attenuation = 0.085 dB/cm and
QY = 53%, as a function of geometric gain.
Inset: Extrapolated OQE as a function of geometric gain, limited by waveguide attenuation losses.
Reproduce with permission from author.1

The extrapolated OQE approaches its limit at OQE = 0 as the size of concentrator
approaches G=2000. The limit of OQE indicates the largest possible size at which photons can
no longer reach an edge of the LSC if emitted at the very center due to pathlength dependent
loss mechanisms. This limiting size is roughly equal to a 9x9 meter square concentrator with a
thickness of 1mm. The energy concentration ratio CR for the Mn2+ doped ZnSe/ZnS QD LSC is
determined by the following equation:
𝐶𝑅 = 𝑂𝑄𝐸 × 𝐺𝑁𝑎𝑏𝑠 𝑒𝑒𝑚

(Equation 5.2)

where 𝑁𝑎𝑏𝑠 is the number of solar photons absorbed by the LSC per unit area per second,
found by integrating the AM1.5 solar spectrum over the QD absorption range of 300 nm to 420
nm as shown in Figure 3.3, and 𝑒𝑒𝑚 = 2.12 eV is the energy of the luminescent photons. As
the LSC reaches its limiting size, the size dependent CR based on the LSC shown in Figure 5.1
approaches 6; meaning that the intensity of light observed out of the edges of the LSC is 6x
greater than the intensity of light incident to the face of the device.
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Since LSCs have the added benefit of being able to provide a narrow band of emission to
the edge attached PV cells, there is another factor of concentration that needs to be
considered. Typically the responsivity of various PVs will vary at different wavelengths and will
often be more responsive to light at a particular set of wavelengths than it is to light across the
entire spectrum. For edge attached PV cells this difference in wavelength responsivity is called
the flux gain. Flux gain, 𝐹, is the power produced from LSC edge attached PV cells relative to
the power that would be produced by the same PV cells under direct AM1.5 illumination,
defined below:
𝑒

𝐴𝑀1.5
𝑒𝑚
⁄𝜂𝑃𝑉
𝐹 ≈ 𝐶𝑅(𝜂𝑃𝑉
)

(Equation 5.3)

𝑒

𝐴𝑀1.5
𝑒𝑚
where 𝜂𝑃𝑉
and 𝜂𝑃𝑉
are the PV conversion efficiencies at the peak LSC emission energy and

under broadband AM1.5 illumination respectively. The blue line shown in Figure 5.6 plots the
both the CR and F for a Mn2+ doped ZnSe/ZnS QD LSC with amorphous silicon PV attached to
the edges. The maximum projection concentration ratio and flux gain in the limiting
concentrator size; CRmax = 6x and Fmax=15.6x, are some of the largest values to have yet been
reported.4,5,6,7,8 Projected maximum flux gains exceed 10x for various other benchmark PV
technologies that are reported below in Table 5.1.1

Table 5.1 Projected maximum flux gains for benchmark photovoltaic technologies.
Reproduced with permission from the author.1
𝐴𝑀1.5
PV technology
Ref.
𝜂𝑃𝑉
(%)
(a)
9
CIGS
19.6
10
GaAs(b)
28.8
(c)
11
CdTe
18.3
12
DSSC(d)
11.0
(e)
13
a-Si
10.1
9
polymer(f)
9.9
(a)CuInGaSe
2

𝑒

𝑒𝑚
𝜂𝑃𝑉
(%)
25.8
44.4
28.9
21.8
26.0
26.2

𝐹𝑚𝑎𝑥
7.9
9.3
9.5
11.9
15.6
15.9

(National Renewable Energy Laboratory), EQE = 0.97, VOC = 0.71 V, FF = 0.79. (b)Thin film GaAs (Alta
Inc.), EQE = 0.97, VOC = 1.12 V, FF = 0.87. (c)CdTe (General Electric, Inc.) EQE = 0.93, VOC = 0.86 V, FF = 0.77. (d)Dye
sensitized solar cell (Sharp Inc.) EQE = 0.92, VOC = 0.71 V, FF = 0.70. (e)Amorphous silicon (Oerliken Solar), EQE =
0.93, VOC = 0.89 V, FF = 0.67. (f)Polymer (Konarka Inc.), EQE = 0.97, VOC = 0.82 V, FF = 0.70. Neglecting coupling
losses and based on 𝐶𝑅𝑙𝑖𝑚 = 6. VOC does not include enhancements resulting from concentration, and hence may
underestimate the maximum flux gain. EQE = photovoltaic external quantum efficiency at 2.12 eV; VOC = open
𝑒𝑒𝑚
circuit voltage; FF = fill factor. Reported values at 25 C under AM1.5 conditions. 𝜂𝑃𝑉
= (𝐸𝑄𝐸 × 𝑉𝑂𝐶 × 𝐹𝐹)/
(𝐶𝑒𝑒𝑚 ), 𝐶 is the electronic charge.
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5.7 Results Summary
These findings demonstrate that without reabsorption LSCs based on Mn2+ doped
ZnSe/ZnS QDs are able to achieve substantial reduction in PV area through optical
concentration. CRs for these LSCs are limited by waveguide attenuation losses which are the
dominant loss mechanism for large geometric gains. These losses affect all other LSCs, though
to this point waveguide attenuation losses have been minimal when compared to losses
resulting from luminophore reabsorption. These results suggest that further improvements in
large area doped QD LSCs can be achieved using more transparent waveguide materials and
addressing other waveguide attenuation loss mechanisms.
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Chapter 6: Toward Improved Doped QD LSCs

6.1 Luminophore Improvement
The results from LSCs using Mn2+ doped ZnSe/ZnS as a luminophore show that doped QDs
are promising candidates, however they have also indicated the areas in which improvement is
still necessary. One of the major limitations of using ZnSe as the host semiconductor material is
that its bulk band gap is 3.1 eV meaning that a QD luminophore utilizing this material would only
be able to absorb photons with energy greater than 3.1 eV, only UV and blue photons. This
narrow spectral band equates to less than 10% of the total solar irradiance. Given that one of the
primary goals of LSC research is to achieve a concentrator with the greatest overall efficiency, a
luminophore that only has access to 10% of the solar spectrum will be severely limited in future
potential applications. Furthermore, the emission of Mn2+ doped ZnSe/ZnS is not well matched
with the bandgap of Si PV cells. To achieve the most efficient LSC, the emission of the
luminophore should match the bandgap of the attached PV. Since Si PVs are the least expensive
PV available, an ideal LSC should utilize a luminophore that emits just above the bandgap of Si.
Other varieties of doped QDs may be able to improve LSC efficiency while maintaining the
beneficial qualities seen in Mn2+ doped ZnSe/ZnS.

6.1.1 Cadmium Alloying
While the bulk ZnSe bandgap may be 3.1 eV, the bandgap can be tuned to smaller
energies while maintaining its chemical compatibility and optical properties. Cadmium (Cd)
resides within the same chemical group as Zinc (Zn); in many ways Cd may substitute for Zn
without significantly altering the chemical or photophysical properties of the original material. In
the case of Mn2+ doped ZnSe/ZnS, a small amount, ~15 atomic percent, of Cd may be exchanged
with some Zn cations to form a doped, alloyed QD, Mn 2+ doped Zn1-xCdxSe/ZnS. Due to the Cd
content, the bandgap of the QD reduces to ~2.5 eV from 3.1 eV. This shift in the bandgap of
roughly half an electron volt allows the QD to now absorb ~20% of the solar spectrum while
maintaining zero reabsorption within the waveguide. Additionally, the substitution of Cd within
the QD alters the crystal lattice causing the emission from the Mn 2+ excited state to become
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15nm red-shifted. These changes can be seen in the electronic absorption and emission spectra
in Figure 6.1a and in the LSC devices in Figure 6.1b, which are from LSCs prepared at Western
Washington University using QDs supplied from Daniel Gamelin’s group at University of
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Figure 6.1a, (Left) Electronic absorption and emission spectra of LSCs consisting of Mn2+ doped
ZnSe/ZnS (yellow and dark green) and Mn2+ doped Zn1-xCdxSe/ZnS (light green and blue) QDs
Figure 6.1b, (Right) LSCs consisting of Mn2+ doped ZnSe/ZnS (upper) and Mn2+ doped Zn1-xCdxSe/ZnS
(lower) QDs, illuminated with a UV light source.

LSCs were assembled and measured with the alloyed Mn 2+ doped Zn1-xCdxSe/ZnS QDs
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LSC dimensions were 25 x 75 x 0.42 mm, corresponding to a geometric gain of G = 22, with an

optical density of .15 at the excitation wavelength (400nm), and utilized QDs with a solution QY
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Figure 6.2, OQE measured as a function geometric gain in a Mn2+ doped Zn1-xCdxSe/ZnS LSC
illuminated with 400nm light.
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Figure 6.3Figure 6.2, OQE measured as a function geometric gain in a Mn2+ doped Zn1-xCdxSe/ZnS
LSC illuminated with 400nm light.

While the incorporation of Cd increases LSC power efficiency, it also introduces a health
risk. Cd is a heavy metal that has been known to cause health problems if exposed to large
enough concentrations. However, CdSe is one of the most widely studied QDs, and it is currently
being implemented in a variety of consumer products like tablet computers and televisions. 1,2

6.1.2 Other Doped QDs

Figure 6.3, Schematic energy diagram of Mn2+ doped ZnSe, Cu+ doped CdSe, Cu+ doped InP, Yb3+
doped PbS energy levels in relation to the band gap of Si.
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optical properties of Mn2+ doped ZnSe/ZnS (Figure 6.3). Additionally, all three of these other QDs
have the added benefit of being able to absorb larger portions of the solar spectrum, even into
+
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theFigure
near 6.4Figure
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InP, Yb3+ doped PbS energy levels in relation to the band gap of Si.

materials, the results presented in this thesis would indicate that they are worthy targets for
further investigation.
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6.1.3 Cu+ doped CdSe and InP
Replacing ZnSe as the semiconductor material with either CdSe or InP in the QD allows
for an extension of the absorption down to as low as the ∼1.3 eV InP bulk bandgap (∼950 nm).2
Doping with Cu+ typically gives rise to donor-acceptor luminescence whose maximum is shifted
by ∼0.5 eV from the first absorption maximum, with little to no reabsorption. Both Cu+ doped
CdSe and Cu+ doped InP QDs have been synthesized previously, but they have not yet been
thoroughly explored, and in particular they have not yet been examined as phosphors for LSCs.
While Cu+ doped InP QDs are known in the literature, the synthesis has been difficult to
recreate in our labs. Indium is particularly susceptible to oxidation and will easily form oxides at
the high temperatures required to synthesize the QDs. Cu + doped CdSe though have been
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successfully synthesized, representative absorption and emission spectra are shown in Figure 6.4.

350

450

550

650

750

850

Wavelength (nm)

Figure 6.4, Representative electronic absorption (blue) and emission (orange)
spectra of Cu+ doped CdSe QDs in toluene.

Since the synthesis of Cu+ doped CdSe QDs is relatively new, these QDs are not yet fully optimized
for use in LSCs.
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collaborator at the University of Washington, while investigation into the incorporation of these
QDs into LSCs has only just begun.
Figure 6.5Figure 6.4, Representative electronic absorption (blue) and emission
(orange) spectra of Cu+ doped CdSe QDs67
in toluene.

Cu+ doped CdSe QDs share very similar surface chemistry with Mn2+ doped ZnSe/ZnS. The
organic ligand layer of Cu+ doped CdSe is comprised of the same TOP ligands that cover the
surface of the ZnS shell. For this reason Cu+ doped CdSe QDs can be integrated into the same
PLMA-co-EGDMA polymer matrix that was used to suspend Mn2+ doped ZnSe/ZnS. Cu+ doped
CdSe QD LSCs were prepared in the same way as the Mn2+ doped ZnSe/ZnS LSCs. Preliminary
results have indicated that Cu+ doped CdSe QDs have the ability to mimic the properties of Mn2+
doped ZnSe/ZnS LSCs as shown in Figure 6.5.
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Figure 6.5, OQE measured as a function of geometric gain for a Cu+ doped CdSe LSC
illuminated with 400 nm light.
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6.2 Improved Waveguide Materials
To increase the CR of LSCs based on doped QDs both the clarity and attenuation of the
Figure 6.6Figure 6.5, OQE measured as a function of geometric gain for a Cu+ doped
waveguide
be improved.
the same PLMA-co-EGDMA host material as described in
CdSemust
LSC illuminated
withUtilizing
400 nm light.
Ch. 4, waveguide attenuation may be reduced by addressing the scattering mechanisms, such as
surface scattering, within the waveguide. However the clarity of the LSC is inherent to the specific
type of waveguide used. To further reduce clarity losses, new waveguide materials, which can
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offer greater clarities than those of PLMA-co-EGDMA and other acrylates (Figure 6.6), would
need to be used.

Figure 6.6, Relative OQE of a 1m2 LSC (red line) as a function of attenuation coefficient,
assuming no reabsorption and unity quantum yield. The typical attenuation coefficients
for various materials are included within the dashed boxes.
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improving waveguide clarity. PDMS is a well-studied polymer with waveguide attenuation
coefficients 1-2 orders of magnitude
smaller than polyacrylates. While PDMS has potential to
Figure 6.6, Relative OQE of a 1m2 LSC (red line) as a function of attenuation coefficient,
assumingreduce
no reabsorption
and unity
quantum yield.
attenuation
coefficients
significantly
losses within
the waveguide
it isThe
nottypical
compatible
with the
surface chemistry
for various materials are included within the dashed boxes.

of most QDs. PLMA-co-EGDMA was chosen as a waveguide material especially because of its high
chemical compatibility with the hydrophobic ligand shell around the QD. PDMS, however, is
Figure
, Relative
OQE of
a 1m2mixed,
LSC (red
line)
as amismatch
function ofbetween
attenuation
highly
polar6.6
and
hydrophilic.
When
the
steric
thecoefficient,
PDMS and the ligand
assuming no reabsorption and unity quantum yield. The typical attenuation coefficients

shellfor
causes
aggregation
of included
the QDswithin
and athe
lossdashed
of QY.boxes.
To be compatible with polysiloxanes, the
various
materials are
surface chemistry of the QD would need to be altered so that there is favorable interaction
between QD and polymer.
In order to alter the surface chemistry of the QD a new ligand or ligands similar to the
polymer chains found in PDMS would need to be substituted for the current hydrophobic ligands.
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There have been a variety of schemes used recently in the literature to disperse QDs into
polysiloxanes5,6,7 though none yet stand out, suitable new PDMS ligand structures are currently
being investigated.
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Chapter 7: Conclusions
In summary, doped QDs have been demonstrated as a promising new class of zeroreabsorption luminophores for LSC applications. Using Mn2+ doped ZnSe/ZnS QDs as the
luminophore, LSCs are capable of selectively absorbing solar UV light and producing intensified
emission with OQEs approaching 60% with a limiting concentrator size of G=2000 have been
demonstrated. Losses due to waveguide attenuation, previously believed to be negligible when
compared to losses due to reabsorption, have become the major loss mechanism.
As the first report of this approach, it is anticipated that further major improvements in
LSC efficiencies using doped QDs are attainable. For the Mn2+ doped ZnSe/ZnS based LSCs
described here, the QYs can be still be increased by optimizing QD surface passivation, while
initial experiments have shown that the energy gap can be narrowed by alloying with a small
amounts of Cd2+. More generally, even higher LSC limiting efficiencies, concentration ratios, and
flux gains can be expected from the use of related doped nanocrystals such as Cu+ doped CdSe
or Cu+ doped InP that absorb and emit at lower energies. Waveguide losses can be reduced by
improved processing and use of more transparent polymers such as PDMS.
Restricting absorption to UV wavelengths limits the collectable fraction of sunlight to less
than 10% of total irradiance, so transparent concentrators based on these materials would
produce less power per unit area than many conventional PV panels. As such, the Mn2+ doped
ZnSe/ZnS LSCs described here may hold promise for practical window-layer applications or in
multijunction concentrator/PV configurations where transparency is desired.
More broadly, the work presented in this thesis represents another step toward a
reduction in the price of PV based energy production. Utilizing low cost materials to cover large
areas, appreciable concentration factors can be obtained with LSCs allowing relatively small
amount of PVs to generate large amounts of energy. Doped QD LSCs present the potential of
significant development towards concentrators that can function at the scale necessary to be
competitive with energy generated using fossil fuels.
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